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ABSTRACT 
The aim of this project was to study the accumulation of betalains in suspension 
cultures of Beta vulgaris. 
Betalains were found to accumulate in suspension cultures of Beta vulgaris in 
association with growth. The onset of pigment synthesis occurred prior to, or 
immediately after, the start of cell division. The production of betalains could be 
influenced by the conditions of culture differently from growth. Varying the 
concentration of inorganic nitrogen (i-N) or inorganic phosphorus (i-P); above or 
below that in B5 medium, did not increase either growth or pigment production. 3% 
sucrose was shown to be optimum for betalain accumulation while the fresh weight of 
culture was not affected, comparing to the control (2% sucrose). Lowering the 
concentration of 2,4-dichlorophenoxyacetic acid (2,4-D) favoured betalain production. 
The highest pigment content per culture was achieved at 0.006 mg.i' 2,4-D at which 
concentration the culture growth was not significantly affected, as compared to the 
control 0.02 mg.1-1 2,4-D. Altering the concentration of kinetin in the medium in the 
range of 0.05-1 mg.r' did not increase the production of betalains. Administration of 
either tyrosine or dihydroxyphenylalanine (DOPA) did not significantly affect either 
growth or pigment production. 
A single cell plating technique was used successfully to isolate a number of cell lines 
(violet, orange, yellow, and white) with different qualitative and quantitative 
characteristics with regard to betacyanin and betaxanthin content. HPLC analysis of 
the betalains produced by the selected cell lines and the mother culture, revealed that 
betanin and miraxanthin V were the main betalains produced by the mother culture 
and the derived pigmented cell lines. These cell lines underwent changes in pigment 
production during a period of non-selective subculturing (15 months). The production 
of betalains in these cell lines was investigated in relation to cellular heterogeneity 
and the study showed that the cellular population of the cell lines contained a limited 
proportion of cells that accumulated the pigment. The proportion of pigmented cells 
had little effect on determining the yield of pigment in cultures while the capacity of 
these cells to accumulate the pigment played the most important role in governing the 
productivity of the culture. There was a maximum limit for the proportion of the 
"productive" cells which was a property of the cell line and was heritable. Below this 
limit the proportion of the productive cells could be modified by the manipulation of 
culture conditions. 
The relationship between the activity of tyrosine hydroxylase and the final yield of 
betalain in cultures was explored and the study suggested that the enzyme could play a 




1.1 The Betalains 
Betalains are a group of naturally occurring water soluble nitrogenous pigments 
which are a products of secondary metabolism. They are often classified as alkaloids but 
they are not really alkaloids because of the presence of several carboxyl groups which 
render the molecules acidic in nature. Betalains include two groups of pigments, the red-
violet betacyanins and the yellow-orange betaxanthins. Both pigments are characterised 
by one moiety which is derived from betalamic acid (see Fig. 1.1) and differ from each 
other by the part bound to the betalamic acid residue. The attachment of cyclo-DOPA, to 
the moiety and its o-glycosidation or acylation results in the formation of a large variety 
of betacyanins, while condensation of betalamic acid with an amine or amino acid 
(protein or non-protein amino acid) gives rise to different betaxanthins. The isolation of a 
number of betacyanins and betaxanthins from plants and elucidation of their chemical 
structure was reviewed by Steglich and Strack in 1990. 
Figure 1.1 The general structure of betalains (a) betalamic acid moiety (b) R'-N-R 2 , 
residue of cyclo-DOPA in betacyanins (c) R 1 -N-R2, residue of amino acid or amine in 
betaxanthins. 
R 1 ® R2 
b or c 
1.1.1 Occurrence in Nature 
The occurrence of betalains is restricted to the plant order Caryophyllales 
(Centrospermae). They do not occur in animals or micro-organisms, except in one 
mushroom, the Fly Agaric (Amanita muscaria) (see Dopp et al., 1982 and Mabry 
1980). Betalains accumulate in the vacuoles of cells and can be found in almost every 
structure in the plant, including the subterranean organs. Both betacyanins and 
betaxanthins are normally found together in various proportions. However, 
betacyanins are usually dominant (see Mabry 1980, Piattelli 1981, Böhm and Rink 
1988). 
1.1.2 Functions of the Betalains 
Generally, the presence of bright coloured pigments may function as a signal 
or warning to other organisms (Luckner 1990). However, betalains in flowers and 
fruits may act as an attractant for vectors that serve in pollination and seed dispersal. 
Betalains may also play a role in a self-defence mechanism, as formation of the 
pigment was found to be induced in injured tissues (Obrenovic 1990), and betalains 
have been shown to inhibit viral reproduction (Sosnova 1970). In addition, betanin-
containing beet seedlings were found to have a higher resistance to "damping off' and 
when the fungus responsible for this disease was grown in liquid culture containing 50 
mgf' of betanin, growth was reduced by 50% (see Mabry 1980). Betalains have also 
been shown to inhibit IAA oxidase and may counteract the inhibitory effects of IAA 
3 
on the elongation of wheat roots, however, there was no indication that betalains play 
a role in regulating the activity of IAA (Stenhid 1976). 
1.1.3 The Biosynthesis of Betalains 
A scheme for the biosynthetic pathway leading to the betalains (Fig. 1.2), has 
been suggested by Schutte and Liebisch (1985) based on results from tracer 
experiments with intact plants and plant parts. Judging by the structure of betacyanin 
and betaxanthin and the incorporation of labelled tyrosine and DOPA 
(dihyroxyphenylalanine) into both types of betalains (see Impehlizzeri and Piattelli 
1972, Zryd et al., 1982, and Endress et al., 1984), it seems that both betalains share 
the same pathway. 
It has been shown from feeding experiments with radio-active tyrosine, that 
radioactivity also appears in DOPA and cyclodopa in addition to the betalains (Zrd et 
al., 1982). Moreover, in colourless cells, no incorporation of labelled tyrosine into L-
DOPA was observed (Constabel and Haala 1968, and Zryd et al., 1982). These results 
provide some evidence that L-DOPA is an intermediate in betalain synthesis. It is also 
believed that the entry point to the biosynthetic pathway leading to the betalains, is the 
hydroxylation of L-tyrosine into L-DOPA which is catalysed by tyrosine hydroxylase 
(see Endress 1977, 1979, Wichers etal., 1983,1984, and MUller et al., 1993, 1994). 
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Figure 1.2 The proposed biosynthetic pathway for betalains (after SchUtte and Liebisch, 
1985) 
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Betalamic acid has also been suggested as an intermediate to all the betalains, 
and it is the chromophore of the pigment (see Piattelli 1976). The occurrence of this 
compound as a natural constituent of a number of the Centrospermae (Kimler et al., 
1971) would support this suggestion. Further support was provided by Chang et al. 
(1974) who demonstrated the incorporation of labelled L-DOPA into betalamic acid. 
The formation of betalamic acid is postulated to occur through an extradiol cleavage 
of the aromatic ring in the DOPA molecule, at the position between 4 and 5, and 
subsequent closure of the resultant intermediate to a heterocyclic system (Fischer and 
Dreiding 1972, Impellizzeri and Piattelli 1972, Chang et al., 1974, Girod and Zryd 
1991, Terradas and Wyler 1991, and Hinz et al., 1995). The reaction sequence 
between L-DOPA and betalamic acid has also been studied in the mushroom Amanita 
muscaria. Terradas and Wyler (1991) reported that 4,5 secodopa was an intermediate 
in the above step, and suggested that an enzyme similar to the metapyrochatechase 
found in bacteria and animals was responsible for this reaction. Recently, the enzyme, 
DOPA 4,5 dioxygenase, which catalyses the formation of 4,5 secodopa has been 
isolated from Amanita muscaria (Fivaz et al., 1994, and Hinz 1995) and Portulaca 
grandlora (Fiva.z et al., 1994). On the other hand, Girod and Zryd (1991) have 
reported that cchydroxyl--alanine muconic-c-semialdehyde is formed after the 
extradiol fission of the ring of the DOPA molecule, before hydrogenation and 
recyclisation occur, and they (the authors) isolated the enzyme 3,4-DOPA 4,5 
dioxygenase which catalyses such conversion. These different results show the present 
state of uncertainty of how the betalains are synthesised. 
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1.2 Colours in the Food Industry 
1.2.1 The Use of Food Colourings 
It is generally believed that the use of added colours has a direct bearing on the 
acceptance of many foods. Indeed, colour in food is an early signal of freshness and 
readiness for consumption (see Goldenberg, 1977, and Klaui and Bauernfeind, 1981). 
In the UK, for example, about 75% of all foods are processed in some way before they 
reach the consumer (Timberlake and Henry, 1986) and colours are added to food for a 
number of reasons (see Goldenberg, 1977, and Timberlake and Henry 1986): 
To make food more attractive and hence stimulate the appetite and enhance 
enjoyment. 
To replace natural colour lost during food processing, e.g. by high 
temperatures. 
To provide colour to otherwise colourless or dull looking foods. 
To ensure uniformity of colour of different batches of a product. 
In general, the addition of colouring agents does not change the nutritional 
quality of the processed food and the majority of our food would still have the same 
quality and flavour without added colours (Goldenberg, 1977), however, it does 
influence the customers' preference. 
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1.2.2 Problems with Food Colours 
In the past synthetic dyes have been largely used in the food industry because 
of their stability and ease of use. However, many of these colorants present a health 
hazard and have been banned in some countries, for example, FD and C red No. 2 and 
No. 4 in the USA (Pasch and Von Elbe, 1978). Among the currently used colorants, 
the red dye Amaranth (B 123), and yellow dyes Sunset yellow (El 10) and Tartrazine 
(E102) have also been associated with allergies. In particular, tartrazine is known to 
cause asthma and is implicated in hyperactivity especially in children (see Timberlake 
and Henry, 1986). The fear aroused by such adverse effects of synthetic dyes has 
shifted the attention to natural colours. For example, in the period 1969-1984, 356 
papers were issued on natural colourants and only 71 on synthetic dyes (Francis, 
1987), a natural colour can be defined as a colour extracted from a plant or animal in 
such way that keeps the pigments chemically unchanged (Timberlake and Henry, 
1986). 
1.2.3 Plants as a Source of Food Colours 
Plant pigments are ideal for use as food colourings since they are essentially 
the same as those contained in the original plant material and have a long history of 
consumption over thousands of years. However, despite this, the toxicology of such 
compounds must be evaluated before permission for use in food can be given. This is 
because some secondary products might be toxic even at low concentrations and 
therefore the risk involved must be weighed against the benefits of using them in food 
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(Busch, 1991). The major plant pigments currently in use as natural food colourings 
include carotenoids, chlorophylls, anthocyanin, betalains, saffron, gardenia, curcumin, 
and carthamins. These natural food colours are discussed in detail by Bauernfeind 
(1981), Klaui and Bauernleind (1981), Timberlake and Henry (1986), Francis (1987), 
and Knewstubb and Henry (1988). 
1.2.4 Beetroot Red 
Beetroot red (E162) is used as a safe food additive (Conforti-Froes et al., 
1990) in different food products (Von Elbe and Maing, 1973). The commercial 
preparation of the pigment is obtained from the storage root of Beta vulgaris by 
extraction under acidic conditions and evaporating the extract to dryness. The 
resulting powder contains betacyanin and a lesser amount of betaxanthin (Timberlake 
and Henry, 1986). Beetroot red is water-soluble and stable in the pH range 3-7 (see 
Nilsoon, 1970). However, it tends to be degraded by heat (Steglich and Srack, 1990), 
light and oxygen and therefore it is used mostly in short-life dairy products such as 
sausages, yoghurt, ice cream, sherbet, gelatin dessert powder and maraschino cherries 
(see Von Elbe etal., 1974, Pasch etal., 1975, Pasch and Von Elbe 1978). 
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1.3 Plant Cell Cultures as a Source of Desirable Secondary Products 
1.3.1 The Potential of Plant Cell Culture 
Higher plants are capable of synthesising a large range of compounds useful to 
man. Many of these compounds are a product of secondary metabolism and have 
properties which are of social and commercial importance. For example, plant 
secondary metabolites are used in the pharmaceutical, fragrance and food industry 
"flavours and dyes" (see Collin 1987, Fowler 1987, Phillipson 1990, and Wink 1990). 
Such substances can be extracted directly from plants. However, there are difficulties 
in obtaining these plants as the majority of them grow in tropical regions (Collin, 
1987). Although some compounds previously obtained from plants are now 
chemically synthesised (Fowler, 1987) many other products cannot be chemically 
synthesised for several reasons such as cost or complexity of the product mixture 
(Wink, 1990). Therefore, biological production of the compound still presents the 
more reliable and economic way. Indeed, about 25% of the active ingredients in 
prescriptions in the USA and Western Europe are derived from higher plants (Curtin 
1983, Phillipson 1990, and Fowler et al., 1990). 
Tissue culture systems provide a predictable alternative source of secondary 
products. There are several advantages in producing desirable compounds by cultured 
cells (see Yeoman, 1986): 
1. Freedom from constraints imposed by various environmental factors, 
including climate, pests, and diseases. 
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Elimination of geographical and seasonal constraints so that the product can 
be produced wherever and whenever required. 
Rapid growth of cultured cells permits production of the compound in a 
shorter time than that needed for raising the whole plant. 
Growing cells under controlled conditions enables controlled production of 
the product according to demand. 
Production of novel compounds not normally detected in the plant. 
Biotransformation of specific compounds, e.g. the conversion of the cardiac 
glycoside n-methyl digitoxin to 3-methyl digoxin by cell cultures of 
Digitalis lanata (Alfermarm et al., 1983). 
However, despite the advances made in the field of plant tissue and cell 
culture, the production of secondary metabolites by cultured cells at the industrial 
level has been limited and only two compounds, shikonin and berberine, are being 
produced commercially from cultures of Lithospermum erythrorhizon and Coptis 
japonica respectively (Fujita 1988). The problem with plant tissue culture is that in 
most instances the yields of secondary products are much lower than those in the 
plants from which cultures were derived. Despite this, there are some reports of 
cultures accumulating secondary metabolites at levels which equal those produced by 
the plant (Kinoshita et al., 1990 and Villarreal et al., 1993) or even higher (Kunakh, 
1994) (see also Fowler et al., 1990). In general, low yield of product is the major 
barrier to the commercial production of compounds by plant tissue cultures. 
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1.3.2 The Relationship Between Growth and Development and Product 
Accumulation 
The growth rate of cultures and biomass yield together with product yield are 
important determinants for system productivity (Fowler, 1987). In most cases 
accumulation of secondary metabolites in plant cell cultures occurs when growth has 
ceased or slowed down. For example, Lindsey and Yeoman (1983) showed that 
alkaloid accumulation in a number of Solanaceous species occurred at the end of the 
growth phase and was associated with tissue organisation. Also, the production of 
anthocyanin in Vitis sp. takes place at the stationary phase of growth (Hirose et al., 
1990, Böhm et al., 1991, and Sakuta et al., 1994). This inverse relationship between 
growth and product accumulation has been explained on the basis of a switch from 
primary to secondary metabolism (Phillips and Henshaw 1977, Yeoman et al., 1980). 
At a time when primary and secondary metabolism compete for common precursors, 
the slowing down of growth results in the diversion of precursors into secondary 
metabolic pathways (Phillips and Henshaw 1977, Lindsey and Yeoman 1984, Lindsey 
1985 & 1986, Hall and Yeoman 1991). Alterations in enzyme/substrate 
compartmentalisation (Lindsey and Yeoman 1985) and/or changes in enzyme 
activities (Yeoman et al., 1980) must be involved in this regulation. Thus, organised 
cultures, which usually grow more slowly, might be expected to have a higher rate of 
secondary metabolism and therefore accumulate higher yields of secondary 
compounds. 
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However, there are also some instances in which growth and secondary 
metabolism are positively correlated, for example, betacyanin accumulation was 
found to take place during the active growth phase in Phytolacca americana (Sakuta 
et al., 1986, 1994, Hirano and Komamine 1994), Chenopodium rubrum (Hirose et al., 
1990) and Beta vulgaris (Jaafar 1992). Maximum production of secondary products 
during the logarithmic phase of growth was also reported for volatile oils in Ruta 
graveolens (Corduan and Reinhard, 1972), podophyllotoxin in Podophyllum 
(Kadkade 1982), sapogenin in Agara wightii (Sharma and Khanna 1980) and 
berberine in Thalictrum rugosum. Also, Reinhard et al. (1989) have shown that the 
conversion of -methyldigitoxin to -methy1digoxin was highest at the logarithmic 
growth phase and lower at the lag and stationary phases. 
In a number of culture systems, the formation of secondary products occurs 
during the lag phase, a period after subculture when growth and cell division have not 
yet started and while the cells are adapting to a new environment. For instance, the 
production in cell cultures of geomichrysone in Cassia (Noguchi and Sankawa 1982), 
phenolics in tobacco (Cvikrova et al., 1988) ferruginol in Salvia (Miyasaka et al., 
1985) and carotenoids in Bixa orellana (Boyd 1991). However, this might be a 
continuation of metabolite production from the previous stationary phase (Noguchi 
and Sankawa 1982). 
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1.3.3 Cellular Heterogeneity and Secondary Metabolite Production 
Cellular heterogeneity, with regard to product formation, within plant cell 
cultures has been observed both directly and indirectly. Direct demonstration of the 
heterogeneity of a cellular population in culture is made by visual observation, using a 
microscope, when the cells accumulate a coloured metabolite or a metabolite that can 
be visualised e.g. intracellular staining and/or UV microscopy. Indirect demonstration 
can be made through the isolation of cell lines with a different productivity for the 
metabolite of interest. For example, Colijn et al. (1981) and Yamakawa et al. (1982) 
demonstrated, using light microscopy, that only a limited number of cells in Petunia 
and Vitis cultures respectively accumulated anthocyanin pigment to visible levels. In 
Catharanthus roseus, Knobloch et al. (1982) also observed that anthocyanin 
accumulation was distinctly heterogeneous and only ca 5% of the cells contained the 
pigment. In another study on the same species Hall and Yeoman (1986b) reported that 
approximately 10% of the cells regularly accumulated detectable levels of 
anthocyanin and there was a considerable variation within this "productive" 
population. According to these authors, the variation in intracellular anthocyanin 
content and concentration, as estimated by using microdensitometry, in cell cultures 
was much greater than that observed within tissues of mature plants. Sato and Yamada 
(1984) have observed, using fluoromicroscopy, that cell cultures of Coptis japonica 
are heterogeneous in nature and they (the authors) could derive various cell lines, 
from the original culture, with different productivities of berberine. Dougall et al. 
(1980) also isolated cell lines from wild carrot cultures with varying capacities for 
anthocyanin accumulation. According to Weller and Lasure (1981), different cell lines 
14 
could be obtained from the same stock culture of Beta vulgaris. After a series of 
selections, the red callus contained 40% red cells, 6% yellow cells, 4% brown cells 
and 50% non-pigmented cells, whereas, the yellow callus contained only 1-2% yellow 
cells and the rest were non-pigmented except for a few brown cells. In addition, 
pigment intensity varied remarkably from cell to cell. Such cellular heterogeneity in 
red beet cultures was also reported by Girod and Zryd (1987). 
The mechanisms controlling cellular heterogeneity is not filly understood 
therefore the control of this phenomenon may either be genetical or environmental or 
both. However, the productivity of a culture may be stabilised by repeated selection 
and maintenance under defined conditions (see Dougall et al., 1980, Sato and Yamada 
1984, Yamamoto et al., 1989, and Sakamoto et al., 1994). 
1.4 Increasing the Yield of Secondary Products in Plant Cell Cultures 
As already mentioned, low product yield is the main barrier for commercial 
exploitation of cell cultures. There are, however, several ways in which the yield of 
product from cell cultures may be increased: 
Selection of high yielding cell lines. 
Manipulation of culture conditions (physical or chemical). 
Manipulation of the genome. 
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1.4.1 Selection of High Yielding Cell Lines 
The fact that cultures are derived from tissues that may include cells of a 
different genetic 'make up' and give rise to cultures displaying genotypic variation 
(Yeoman and Forche, 1980) provides an opportunity for the selection of cells with 
certain characteristics such as high production of a particular secondary product. 
Selection of cells with desirable properties can also be made after a treatment to 
induce mutation, for example, by treating cells with physical or chemical agents such 
as ultraviolet light or coichicine (see Collin and Dix, 1990). Cell lines selected from 
callus, cell suspensions and protoplasts have been successfully exploited for the 
improvement of product yield of cultures and crop plants (see Tabata et al., 1978, 
Fujita 1988, and Collin and Dix 1990). Stable cell lines with high productivity for 
anthocyanin have been isolated from cell cultures of Catharanthus roseus (Hall and 
Yeoman 1987), Euphorbia millii (Kinoshita et al., 1990) and Arabica carodata 
(Sakamoto et al., 1994). Sato and Yamada (1984) and Fujita (1988) also obtained 
high yielding cell lines for berberine production from Coptis japonica cell cultures 
and for shikonin production from Lithospermum erythrorhizon cultures respectively. 
However, selected high yielding cell lines may be unstable and undergo a 
reduction in product yield with time (Deus-Neumann and Zenk, 1984). In such cases, 
repeated selection is necessary to sustain the high productivity of the culture. Indeed, 
repeated selection has been used effectively to obtain stable cell lines (see Watanabe 
et al., 1982, Sato and Yamada 1984, and Sakamoto et al., 1994). Moreover, 
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maintenance of the cell line in a proper medium can also improve and stabilise the 
productivity of the culture (see Yamamoto et al., 1989). 
1.4.2 Manipulation of Culture Conditions 
Using this approach the culture conditions are manipulated to provide an 
optimum environment for the operation of the biosynthetic pathway leading to the 
compound of interest. In fact, manipulation of culture conditions has been used 
successfully to increase culture yield (El-Bahr etal., 1989, Panda etal., 1992, Tamura 
et al., 1994, and Hilton and Rhodes 1994). Such manipulations include alterations to 
the source and concentration of nutrients (macro and micro nutrients), changing the 
type, concentration and balance of growth regulators, varying the pH of the medium, 
supplementation of a precursor (s) to the product, addition of biotic and abiotic 
elicitors, and manipulation of the physical conditions such as light and temperature 
(for review see Yeoman and Yeoman 1996). 
The most important nutrients and those that have received most attention are 
nitrogen, phosphorus and carbohydrate (sugar). In general, the effect of these nutrients 
on secondary metabolite production in cultures is related to growth e.g. altered 
concentrations which contribute to a reduction in growth can result in an increase in 
the amount of metabolite accumulated where cultures exhibit an inverse relationship 
between growth and product accumulation (see Lindsey, 1985). However, there are 
cases in which these nutrients influence metabolite production independently from 
growth. For example limitation of nitrogen can result in a reduction in growth and 
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enhance the production of a secondary metabolite (Yamakawa et al., 1983, Lindsey 
1985, and Ishikura et al., 1989). Whereas, in Lithospermum eythorhizon cell cultures, 
the growth and formation of shikonin derivatives increased with a rise in the total 
nitrogen in the medium within the range of 67-104 mM, (Mizukami et al., 1977). In 
Beta vulgaris, nitrogen (ammonium and nitrate) at levels higher than that of the 
original B5 medium changed the growth rate but not the betacyanin content 
(Constabel and Nassif-Makki 1971) and also in Chenopodium rubrum (Berlin et al., 
1986). The nitrogen source in some cases, had a critical effect on the production of 
secondary metabolites (see Fujita et al., 1981, Wichers et al., 1985, and Demeyer and 
Dejaegere 1992). For example, pigment production in immobilised cultures of 
Lavandula vera was completely suppressed when ammonium chloride was the sole 
nitrogen source, independent of its' concentration, whereas, when potassium nitrate 
was used as a source of nitrogen cells produced greater amounts of pigment 
(Nakajima et al., 1989). BOhm and Rink (1988) also showed that replacement of 
ammonium with nitrate substantially increased the accumulation of betacyanin in 
Portulaca grandlora. On the other hand, the ratio of ammonium to nitrate has been 
shown to be important in determining growth and secondary metabolite production. 
Ikeda et al. (1976) showed that a high ammonium to nitrate ratio increased product 
accumulation and reduced growth. On the contrary, Jung et al. (1994) reported that 
growth and catharanthin production in hairy root cultures of Catharanthus roseus was 
increased by increasing the concentration of nitrate. In Vitis cell cultures, anthocyanin 
production was maximal when the molar ratio of NH 4 :NO3 was 1:1 (Yamakawa et 
al., 1983). The ratio of carbon to nitrogen C/N in the medium has also been shown to 
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have an effect on product accumulation in some instances (Yamakawa et al., 1983, Do 
and Cormier 1991a, Deliu et al., 1992, and Ballica et al., 1993). According to Ballica 
et al. (1993), the yield of tropane alkaloid in Datura stramonium was substantially 
increased (ca 100%) at a C/N ratio of 100 whereas it decreased at a C/N ratio of 70. 
The effects of phosphorus have also been studied in a number of species (see 
Knobloch and Berlin 1983, Obata-Sasamoto and Komamine 1983, Lindsey 1985, 
Berlin et al., 1986, Sakuta et al., 1986, Hirose et al., 1990, Deliu et al., 1992, Jung et 
al., 1994, Smolov and Oleinikova 1994, and Monroy et al., 1994). Deliu et al. (1992) 
reported that there is a direct link between the consumption of phosphate and the 
induction of alkaloid production in Berberis parvfolia. Similarly, Monroy et al. 
(1994). observed that the absence of phosphate from the medium correlated with an 
increase in betalain accumulation in Beta vulgaris cell cultures. Hirose et al. (1990) 
have shown that phosphate starvation totally suppressed cell division and betacyanin 
accumulation in Phytolacca americana but when phosphate was added to the medium 
cell division and betacyanin synthesis took place. In contrast, lack of phosphate has 
been reported to increase the production of alkaloids and phenolics in Catharanthus 
roseus cell cultures (Knobloch and Berlin 1983) and DOPA in Stizolobium hassjo 
callus (Obata-Sasamoto and Komamine 1983). 
Sucrose is the most common source of carbon in the medium of cell cultures 
and has been shown to have a considerable effect on growth and secondary product 
accumulation. High concentrations of sucrose have been reported to enhance the 
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production of secondary metabolites (see Knobloch and Berlin 1980, Cormier et al., 
1990, and Panda et al., 1992). In Vitis vinfera,  for instance, anthocyanin production 
was significantly enhanced at high concentrations of sucrose (Cormier et al., 1990). 
Such an effect was related to the high osmotic stress caused by high concentration of 
sugar (Do and Cormier 1990, 1991b). However, a stimulation in product formation as 
well as growth by high concentrations of sucrose (7-10%) was reported by Kitamura 
et al. (1991) for tropane alkaloid production in Duboisia myoporoides and Duboisia 
leichhardtii root cultures. Dupraz et al. (1994) also showed that 5% sucrose was most 
appropriate for growth and alkaloid production in transformed roots of Datura 
quercfolia. 
Among the micronutrients studied, Choi et al. (1994) reported that calcium 
and magnesium affected the production of saponin in callus of Panax ginseng. In 
contrast, these ions did not influence alkaloid and polyphenol accumulation in 
Catharanthus roseus (Knobloch and Berlin 1980). Copper has been shown to inhibit 
betacyanin accumulation in Portulaca grandflora callus. However, this component 
was considered to be a co-factor rather than a nutrient (Endress 1976). 
Plant growth regulators, particularly the auxins and cytokinins are important 
components of culture media. Although, there are a number of cultures which can 
grow without added phytohormones (see for example Zryd et al., 1982 and Berlin et 
al., 1986), in general, the type and concentration as well as the balance of auxin and 
cytokinin is often critical in determining growth and secondary metabolite production 
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(see Dougall 1980, Mantel! and Smith 1983, Ishikura et al., 1989, El-Bahr et al., 
1989, Panda et al., 1992, and Choi et al., 1994). For instance, El-Bahr et al. (1989) 
found that in Datura stramonium cultures growth was better with NAA and BA than 
with NAA and Kin, whereas, alkaloid production (hyoscine and hyoscyamine) was 
highest with kinetin alone. Ishikura et al. (1989) reported that maximum growth and 
phenol production in Prunus yedoensis, was obtained at 0.3 mg.F' of both 2,4-D and 
kinetin. Constabel and Nassif-Makki (1971) showed that the exclusion of 2,4-D from 
the medium was necessary for betacyanin formation in callus of Beta vulgaris and 
Amaranthus caudatus. Further, they have shown that replacement of 2,4-D with NAA 
induced pigment formation in both cultures. Kinetin has been shown to enhance the 
production of betacyanin in the dark (see Leathers et al., 1992) and in the light (Rudat 
and Goring 1995). Girod and Zryd (1991) have shown that by changing the ratio of 
auxin to cytokinin, the phenotypic character (colour) of Beta vulgaris cells could be 
altered. They suggested that plant growth regulators induce changes in the secondary 
metabolic pathways in cultured cells 
Precursor (s) feeding (see Fowler 1983, Lindsey and Yeoman 1984, Ballica et 
al., 1993, and Sugimoto et al., 1994) have also been shown to induce and direct the 
biosynthetic pathways leading to the formation of several compounds. Application of 
precursors of betalain (such as tyrosine and DOPA) have been used to study the 
biosynthetic pathway leading to the pigment (e.g. Zryd et al., 1982) but specific 
studies on the use of precursors for increasing betalain production have not been 
reported. 
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Application of biotic or abiotic elicitors has also been used as a means to 
increase the yield of secondary products (see Eilert et al., 1987, Holden et al., 1988a, 
b, Eilert 1989 and Vazquez-Flota et al., 1994). It is known from extensive studies on 
the microbial invasion of plants that modification of hosts' metabolism results in the 
accumulation of secondary metabolites as a defence response against the micro-
organism (see Keen et al., 1972, Wolters and Eilert 1983). It has been also shown that 
compounds from the pathogens can cause the same response in plants. These 
compounds have been described as elicitors (Keen et al., 1972) and together with 
those constitutive elicitors from the host plant (Dixon et al., 1989) comprise the group 
of biotic elicitors. Physical and chemical stresses such as UV radiation, exposure to 
cold or heat, ethylene, fungicides, antibiotics, salts of heavy metals or high salt 
concentrations, have been defined as abiotic elicitors (Eilert 1989). In fact, elicitation 
has been shown to increase the yield of secondary metabolites in many cell cultures; 
for example, increasing the yield of berberine in Thalictrum rugosum cultures (Funk 
et al., 1987) and tropane alkaloid in Datura stramonium (Ballica 1993). 
Amongst the physical conditions light, temperature, pH, and aeration have also 
been manipulated to increase product yield. Light has been shown to influence the 
production of several secondary metabolites (see review by Mantell and Smith 1983, 
Towers and Yamamoto 1985). Contrasting effects of light on the production of 
secondary metabolites have been reported, for example, the inhibition of nicotine 
accumulation in tobacco cell cultures (Ohta and Yatazawa 1978, Hobbs and Yeoman 
1991) and the stimulation of anthocyanin production by Haplopappus gracilis 
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cultures (Stickland and Sunderland 1972) and berberine production in cell culture of 
Thalictrum rugosum (Kim et al., 1988). For betalain in particular, although light was 
shown to be essential for pigment production in some cases, e.g. in Portulaca 
grandflora cell cultures (Liebisch and Böhm 1981) and callus (Kishima et al., 1991) 
and in cell cultures of Beta vulgaris (Girod and Zryd 1985, 1987). In other cases, 
synthesis of betalain in the dark was observed, however, the pigment accumulation 
was increased by light, e.g. cell cultures of Chenopodium rubrum (Berlin et al., 1986) 
and Beta vulgaris (Jaafar 1992). On other hand, betacyanin production was reported to 
be higher in the dark than in the light in callus cultures of Portulaca grandfiora 
(Endress et al., 1984) and Chenopodium rubrum (Berlin et al., 1986). The effect of 
light on betalain was reviewed by Leathers et al. (1992). Few studies were made on 
the effect of light quality and quantity on betalain production in tissue cultures. One of 
these, made by Berlin et al. (1986), showed that betacyanin production was increased 
by 30% in cell cultures of Chenopodium rubrum grown under blue light (16 h. 
photoperiod), compared to the control (white light grown cultures). Rudat and Goring 
(1995) showed that illumination with UV-light or UV-containing light (blue and 
white) was necessary for betacyanin formation in the cell culture of Chenopodium 
rubrum. Kishima et al. (1995) also reported that blue and blue/UV light induced 
betalain pigmentation in callus culture of Portulaca. 
The effect of temperature on product accumulation has received limited 
attention. For example, Fowler (198 8) reported a dramatic effect of temperature on the 
growth and product accumulation in Catharanthus roseus cell cultures. Morris (1986) 
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observed that optimum growth in cell cultures of Catharanthus roseus was at 35°C 
while optimum serpentine production was obtained between 20°C and 25°C, and 
optimum accumulation of ajamalicine was at 25°C. Hilton and Rhodes (1994) also 
studied the effect of temperature on the growth and hyoscyamine accumulation in 
Datura stramonium. However, they found that altering the temperature, in the range 
of 20°C -30°C had only a small effect on the product accumulation. 
pH of the medium can affect the uptake of nutrients and precursors, the 
permeability of cell membranes (Butenko 1968), and release of products from the 
vacuole to the culture medium (Brodelius 1990, Matile 1990) and so it may influence 
the production of secondary metabolites. Döller et al. (1976) found that an initial pH 
of 5.5 was optimum for the production of serpentine in Catharanthus roseus. One 
particular cell line of the same species accumulated more alkaloids when grown in 
production medium with pH 7.0 than with pH 5.5 (Kutney et al., 1981). Jaafar (1992) 
showed that initial pH in the range of 5.4-6 has no effect on betalain production in cell 
cultures of Beta vulgaris. 
Last but not least, among the components of the physical environment, is the 
aeration and mixing of cells. This is vital especially in large-scale production systems 
in fermentors or bioreactors (see reviews by Mantel! and Smith 1983, Fowler 1988, 
Westphal 1990, Payne et al., 1991, and Schlatmann et al., 1993). 
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1.4.3 Genetic Manipulation 
The recent advances in molecular biology and recombinant DNA technology 
provide a powerful tool for cloning genes and introducing them into plant cells. 
Although their use in the field of secondary metabolite production has not been 
widely studied, the potential for applying such techniques seems to be significant (for 
review see Yeoman and Yeoman 1996). If a particular enzyme in a pathway is shown 
to be regulatory it may be possible to clone the gene for the enzyme and amplify or 
modify its activity. A culture of cells containing the modified gene could then express 
enhanced activity in the pathway, leading to an increased amount of the particular 
secondary metabolite. The over-expression of enzymes of a pathway has been studied 
by a number of researchers. For example, Songstad et al. (1990, 1991) found that the 
proto alkaloids tryptamine and tyramine were accumulated at greater levels in tobacco 
when a DNA clone encoding tryptophan decarboxylase (TDC) from Catharanthus 
roseus, driven by the CaMV35S promoter, was introduced. In contrast, Napoli et al. 
(1990) and van der Krol et al. (1990) found that introduction of extra copies of the 
genes encoding chalcone synthase (CHS) and dihydroflavonol-4-reductase (DFR) into 
Petunia, under the transcriptional control of CaMV35S, resulted in a reduced, rather 
than increased pigmentation, owning to a reduced level of transcription of both 
foreign and native "chs" and "dfr" genes. In a similar type of a study, Elkind et al. 
(1990) attempted to overexpress a bean (PAL) gene in transgenic tobacco, in the 
expectation that this would lead to an increase in flux through the phenylpropanoid 
pathway and an increase in the lignin content of transgenic plants. However, lignin 
and soluble phenolics content was reduced and this was believed to be the result of the 
disruption of the regulation of the native tobacco PAL enzyme activity by the effect of 
the foreign gene on native control mechanisms. These examples demonstrate the 
potential of using recombinant DNA technology to produce high yielding systems for 
a particular secondary metabolite by interfering with or enhancing regulatory 
pathways. However, it is clear that much more research on metabolic regulation is 
necessary before this approach can be used successfully. 
Other approaches involving genetic manipulation could also prove useful in 
increasing the yields of secondary metabolites. One possibility is the use of antisense 
RNA to block the formation of an enzyme which could degrade the desired product or 
to suppress the activity of enzymes that compete for common precursors, thus 
eliminating side chain reactions (see van der Krol et al., 1988 and Mol et al., 1990). 
Another possibility is to modify the promoter sequence of developmentally regulated 
genes so that they would always be active and the product would be synthesised 
continuously (see Yeoman et al., 1990). 
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1.5 Aims and Objectives 
The aim of this investigation was to study the production of betalain pigments 
in suspension cultures of Beta vulgaris as a means to increase product yield. The 
following objectives were attempted: 
To determine the relationship between growth and betalain accumulation. 
To improve the product yield by modifying the culture conditions. 
To select cell lines with high productivity of either betacyanin or betaxanthin. 
To identify the betacyanins and betaxanthins produced by the cell lines. 
To investigate the production of betalains in relation to cellular heterogeneity. 
To explore the role of tyrosine hydroxylase in determining the yield of pigment. 
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CHAPTER TWO 
MATERIALS AND METHODS 
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2.1 Cell and Tissue Culture 
2.1.1 Culture Material 
Suspension cultures of Beta vulgaris used in this study were kindly given by 
Dr. C. S. Hunter, Plant Sciences Group, University of the West of England. 
2.1.2 Preparation of Culture Media 
2.1.2.1 Standard Growth Medium 
Gamborg's 135 medium (Gamborg et al., 1968), supplemented with sucrose 
and growth regulators (Table 2.1.2.1) was used for the routine culture of cell and 
tissue cultures of Beta vulgaris. The medium was prepared by dissolving 3.71 g.1 -1 of 
Gamborg's B5 medium (Imperial Laboratories, Twyford, England), 20 g1 1 sucrose 
(BDH Ltd., UK), 0.1 mg.1' Kinetin and 0.02 mg.r' 2,4-Dichlorophenoxyacetic acid 
(2,4-D) (both obtained from Sigma Chemicals Limited, UK) in distilled water. The 
kinetin and 2,4-D were added from stock solutions prepared as described in 2.1.2.3. 
The medium was adjusted to pH 5.8 using M KOH or M HC1 (BDH Ltd., Poole, 
Dorset, England) and then dispensed into 250 ml Erlenmeyer flasks (Pyrex, England), 
50 ml per flask. The flasks were covered loosely with a double layer of aluminium foil 
and autoclaved. 
To solidify, 0.6 % w/v of Bacto agar (Difco Laboratories, Detroit, USA) was 
added to the liquid medium after the pH had been adjusted. After autoclaving the 
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medium was cooled to ca 60°C and then poured into 5 cm disposable Petri dishes 
(Bibby Sterilin Ltd., Staffs, UK), (ca 8 ml/dish) and allowed to solidify before use. 
2.1.2.2 Media with different concentrations of nitrogen or phosphorus 
B5 media with different levels of nitrogen and phosphorus were used in 
experiments (3.2.1.1) and (3.2.1.2) respectively. Media free of KNO 3 , (NH4 )2  504, 
NaH2PO4, sucrose, and growth regulators, were prepared at 100 times the normal 
concentration (see list in Table 2.1.1). The media were stored at -40°C as 10 ml 
portions. When required, the concentrated stock medium was allowed to thaw and the 
desired amounts of KNO3 , (NH4)2 SO4, and NaH2PO4 were added to attain the desired 
level of nitrogen and phosphorus. Sucrose and growth regulators were added at the 
concentration used in the standard medium. The final volume was then made up to 1 
litre and the pH of the media was adjusted to 5.8. 
2.1.2.3 Growth regulator stock solutions 
Stock solutions of 100 mg.1 1 of kinetin and 2,4-D were prepared by dissolving 
10 mg of each separately in 5 ml of 0.1 M KOH and the volume of each solution was 
made up to 100 ml with distilled water. The stock solutions were stored at 4°C in the 
refrigerator and renewed every three months. 
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Table 2.1.1 Constituents of Supplemented Gamborg's B5 medium used throughout 
the investigation 
Constituent mg.1' 
CaC12 .2H20 150.0 
KNO3 3000 
MgSO4.7H20 250.0 
NaH2 PO4.21120 169.6 
(NH4)2 SO4 134.0 
FeNa EDTA 40.0 
CoC12 .6H20 0.025 
CuSO4 .51420 0.025 
H3B03 3.00 
K! 0.75 
MnSO4 .41-120 13.20 
Na2Mo04 .2H20 0.25 
ZnSO4.7H20 2.00 
i-inositol 100.0 
Nicotinic acid 1.00 
Pyridoxin HC1 1.00 
Thiamine HC1 10.0 
2,4-Dichiorophenoxyacetic acid 0.02 
Kinetin 0.1 
Sucrose 	 20,000 
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2.1.3 Sterilisation and Aseptic work 
Sterilisation of culture media, glassware and instruments was carried out by 
autoclaving at 121°C for 20 mm. at a steam pressure of 15 psi. The aseptic 
manipulation of cultures, was carried out in a laminar air flow cabinet. Before use the 
surfaces of the cabinet were sprayed with absolute ethanol and then wiped off with a 
paper towel. Instruments were kept in absolute ethanol and flamed immediately before 
use. 
2.1.4 Maintenance of Suspension Cultures 
Suspension cultures of Beta vulgaris were maintained in Gamborg's B5 
medium prepared as described in (2.1.2.1). Cultures were incubated at 25 ± 1°C on an 
orbital shaker rotating at 86 rpm under continuous illumination of 15 ± 3 .tmol.m 2.s, 
supplied by Thorn natural light fluorescent tubes (Thorn EMI, UK). They were 
subcultured every 13 or 14 days by transferring 1 g. wet weight of cells, using a 
perforated spoon, into a 250 ml Erlenmeyer flask containing 50 ml of liquid medium. 
2.1.5 Single Cell Cloning and Selection of Cell Lines 
The technique of plating out cell suspensions onto agar plates was adapted 
from the method described by Street (1977). The principle of the method is to plate 
out at low density and select only colonies originating from single cells, or small 
aggregates (2-6 cells) which are likely to have been formed from a single cell. 
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Using this approach, pooled cells of 7 day old suspension cultures were first 
filtered aseptically through a 500 p.m nylon mesh, to remove the large aggregates, and 
then through a 200 p.m nylon mesh. The filtrate which consists predominantly of 
single cells and small aggregates (2-6 cells) , was allowed to settle for 30 min and the 
supernatant discarded. After the cellular density of this cell suspension had been 
determined, series of dilutions (four) were made, using cell free conditioned medium 
obtained from a 7 day old cell culture, in order to attain four different cellular 
densities. Each cell suspension was incubated at 35°C for 5 min and then mixed with 
an equal volume of standard medium (2.1.2.1) containing 1.2% w/v agarose (Sigma, 
UK). 12 ml of each preparation was then poured into a 9 cm Petri dish. The final 
cellular densities of these preparations were 1 2x 1 0, WO 3x 1 and 1. 5x 1 
ce1l.m1. After gelling the plates were sealed with a double layer of Paraflim, and then 
viewed under a binocular microscope from the underside of the plate. Single cells of 
four colours violet, orange, yellow and white were marked with a fine needle. The 
marks were confirmed using coloured pens and the plates incubated in the dark at 25 
±1 °C. After 28 days, growth of colonies was observed on all plates at each cell 
density (Fig. 2.1.1). However, the plates with an initial density of 1 .5x10 3 cell.mr 1 
were the best, since the space between colonies was wide enough to select individual 
colonies with ease. Colonies of ca 0.5 mm in diameter which had arisen from marked 
cells were picked up with a sterile needle and transferred onto the surface of 20 ml of 
the same medium used for plating contained in a 9 cm Petri dish, up to 36 colonies per 
plate were subcultured. The plates were then sealed with Paraflim and incubated at 25 




Figure 2.1.1 The appearance of plated cells grown for 28 days in the dark on 50% 
conditioned medium. The initial cellular density of A, B, C and D were 12x10 3 , 
6xl03 , 3x103, and 1.5x103 cell.mF' respectively. 
cm 
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4 mm in diameter, they were transferred separately onto the surface of 8 ml of 
medium in 5 cm plates (Bibby Sterilin Ltd, Staffs, UK) (2.1.2.1). Four types of cell 
lines, according to their colours, were isolated, violet, orange, yellow and white. Five 
plates of each type were subcultured and the plates incubated at 25 ± 1°C in the light 
(15 ± 1 imol.s .m 2). After four weeks, one plate of each isolated cell line was chosen 
to represent the selected cell line (Fig. 2.2.1). Suspension cultures of each selected cell 
line were initiated by transferring ca 1 g. f.wt. of callus into 250 ml Erlenmeyer flasks 
containing 50 ml of standard liquid medium (2.1.2.1). Cultures were maintained under 
the conditions described in (2.1.4). 
2.2 Characterisation of Culture Growth and Cell Viability 
2.2.1 Determination of Fresh Weight 
Either 30 ml or the entire culture (50 ml) was vacuum filtered through 
Whatman filter paper using a Buchner funnel. Cells were washed twice with distilled 
water, filtered and then weighed. 
2.2.2 Determination of Dry Weight 
After determination of fresh weight, the same samples were dried in an oven at 
75°C overnight (16 h). They were then cooled in a desiccator and weighed. In some 
experiments, samples were freeze dried for 2-3 days and then weighed. 
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Figure 2.2.1 The appearance of isolated cell lines 4 weeks after the first transfer to the 
standard solid medium. Cultures were grown under 15 ± 1 imol.s'.m 2 illumination at 








2.2.3 Determination of Packed Cell Volume (PCV) 
10 ml samples taken from well mixed suspension cultures were poured into 15 
ml graduated conical centrifuge tubes and centrifuged for 5 min at 1000 xg. The PCV 
per culture was then calculated. 
2.2.4 Determination of Cell Population Density 
Cell population density was determined using a Hawskley Crystallite 
haemocytometer (grid volume 1.8 il). Maceration of cells was carried out according 
to the method of Reinert and Yeoman (1982). 100 mg of freshly harvested cells were 
suspended in 2 ml of a solution containing 12% w/v chromium trioxide and 10% v/v 
hydrochloric acid. Cells were gently dispersed with a glass rod to break up large 
aggregates and then left for 4 h at room temperature. Finally the cell suspension was 
incubated in a water bath at 60°C for 20 min and agitated on a vortex mixer for 15 
seconds. Appropriate dilutions were made in order to attain ca 200 cells per grid. 
Cells were counted under a microscope, four grids for each sample. Cell population 
density is presented as cell number per ml after calculation using the following 
formula: 
Cell no. = Vol. of macerate x cell count 
Vol. above grid 
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2.2.5 Determination of Cell Viability 
The method of Gaff and Okong'o-Ogola (197 1) was used to determine the 
viability of cultured cells. The method is based upon the loss of semi-permeability of 
dead cells and the penetration of the pigment "Evan's blue" into cells. A drop of cell 
suspension was placed on a microscope slide and mixed with a drop of Evan's blue 
pigment (0.25% w/v), then covered with a glass cover slip and left for 5 minutes 
before counting. The number of stained, dead, cells was counted in random samples of 
ca 600 cells and the percentage of viable cells was calculated. 
2.2.6 Determination of the Proportion of Pigmented Cells 
2 ml of suspension culture was transferred to a 20 ml test tube and the large 
aggregates in the sample were broken down very gently using a glass rod. The cell 
suspension was then mixed thoroughly and ca 0.1 ml was removed using Pasteur 
pipette and placed on a microscope slide with a grid (S-7 England Finder, Graticules 
Ltd, Kent, UK). A cover slip was then placed on top of the preparation and the cells 
counted using a microscope. The pigmented cells in a population of 500-1000 cells 
were counted. The percentage of pigmented cell (PPC) was calculated using the 
formula: 
PPC = No. of pigmented cells x 100 
Total of cells counted 
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2.2.7 Calculation of Growth Rate 
The growth rate was determined by the following equation: 
GR=Log W2 - Log Wi 
T2-Tl 
Where GR = Growth rate. 
W I = Initial fresh weight of cells. 
W2 = Final fresh weight of cells. 
T2 - Ti = Time that the cells were in culture. 
2.3 Extraction of Betalains from Cells of Suspension Cultures 
Freshly harvested cells were homogenised in ca 2 ml of 80% v/v methanol 
with a pestle and mortar. The homogenate was then poured into a 10 ml centrifuge 
tube together with the washings from the pestle and mortar, the volume made up to 4 
ml and the tube centrifuged at 2000 xg for 10 mm. The pellet was then re-extracted 
twice more with 80% v/v methanol and centrifuged as above. The final volume was 
made up to 10 ml and the pigment measurements were performed immediately after 
extraction. 
2.4 Analysis of Betalains by Spectrophotometry 
The absorption spectrum of the cell extracts and the optical density of the 
betalain pigments were determined using a Beckman D U-64 spectrophotometer. 
Betacyanin and betaxanthin were measured at wavelengths of 535 and 472 nm 
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respectively. As the betacyanin absorbs light at 472 nm with ca 52% of that absorbed 
at 535 nm, the optical density of betaxanthin at 472 nm was calculated according to 
the following formula: 
Optical density of betaxanthin at 472 nm = A472 - (A535 x 0.52) 
Where: A472 = Absorbance at 472 nm. 
A535 = Absorbance at 535 nm. 
2.5 Analysis of Betalains by Thin-Layer Chromatography (TLC) 
Betalain pigments were separated by thin layer chromotography using a 
multiple development technique described by Bilyk (1981). Cell extracts, prepared as 
described in (2.3) were spotted onto cellulose-coated glass plates (Merck, Darmstadt, 
Germany). The spotted plates were dried under a nitrogen stream and then run twice 
in two different solvents in the same direction (see below). 
Constituents 	 Amount in ml 
Solvent I 	Solvent II 
Isopropanol 	 30 	 55 
Ethanol 	 35 	 20 
Distilled water 	 30 	 20 
Acetic acid 	 5 	 5 
40 
The plates were run up to 10 cm in solvent I, then dried and rerun in solvent II up to 
15 cm, during development the TLC tanks were covered with aluminium foil to shield 
the plates from light to avoid any possible degradation of pigments. After drying the 
plates, betacyanin and betaxanthin were readily visible under white light as a purple 
and a yellow spot/band respectively. 
2.6 Analysis of Betalains and Related Compounds by High Performance Liquid 
Chromatography (HPLC) 
High performance liquid chromatography (HPLC) (see Girod and Zryd 1991) 
was employed to ensure accurate qualitative and quantitative analysis of cell extracts. 
2.6.1 High Performance Liquid Chromatography System 
HPLC analysis was performed using a Gilson 302 liquid chromatography 
system fitted with a hyperchrom column (250 x 4.6 mm ID) containing Hypersil ODS 
(C18) (Capital HPLC Limited, Scotland, UK) and a Gilson holochrome uv/vis 
detector. 20 p1 of each sample was injected into the system using a Gilson auto 
sampling injector 231-401 controlled by an IBM PS2 model 50 microcomputer using 
the Gilson HPLC system controller 714 vi .2. All data handling and processing were 
performed using the same software. 
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2.6.2 Preparation of the Mobile Phases 
The two solvents of the mobile phase were prepared using HPLC grade' 
constituents or equivalents. Solvent A consisted of 50 mM sodium dihydrogen 
orthophosphate (Fisons, England) and 2.5 mM triethylamine (BDH., Chemicals Ltd, 
Poole, England). The pH of the solution was adjusted to 4.2 with phosphoric acid 
(BDH, Chemicals Ltd, Poole, England). Solvent B consisted of 40% v/v acetonitrile 
(Sigma Aldrich, England, UK). Both solvents were filtered through 0.45 tm nylon-66 
membrane filters (Whatman, England, UK) under reduced pressure. Prior to use, 
filtered solvents were degassed for ca 15 min by passing a stream of helium through 
them via a sparger. This was to prevent air bubbles from entering the HPLC system as 
a result of large pressure differences being applied to the mobile phase. 
2.6.3 Preparation of Samples for HPLC Analysis 
Fresh cells were harvested from cultures and frozen in liquid nitrogen, then 
lyophilised in a freeze dryer for 2-3 days under vacuum at -5 7°C. The freeze dried 
cells were kept in a refrigerator until required. Immediately before analysis, 200 mg of 
dried cells was grounded to a powder, on ice, using a pestle and mortar. The powder 
was then extracted for 20 min in 10 ml of 80% methanol v/v acidified with 0.2% HCl 
v/v. The extract was then centrifuged at 5000 xg for 30 min at 2°C and the pellet 
reextracted three more times under the same conditions. The Pooled supernatants were 
then evaporated to dryness using a rotary evaporator over a warm water bath at 28°C. 
The residue was dissolved in water (HPLC grade, BDH, England, UK) and 
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centrifuged at 20,000 xg for 5 mm. The aqueous extract was then filtered through a 
0.45 tm nylon membrane filter (Whatman) held in a Millipore filter unit (Millipore, 
UK Ltd, Watford) attached to a syringe . Samples of 1 ml of cell extract were 
collected in 2 ml vials with a crimp top (Phase separation, Clwyd, UK). Samples were 
stored at -20 °C and analysed within three days. 
2.6.4 Operating Conditions for HPLC Analysis 
The methods described by Girod and Zr'yd (1991) were used for HPLC 
analysis of betalains and related compounds. The two solvents of the mobile phases, 
prepared as described in (2.6.2), were pumped at a flow rate of 1 ml.min' using the 
following analytical gradient program: 
Time in mm. 	% Solvent A 	% Solvent B 
0 	 100 	 0 
15 	 70 	 30 
20 	 40 	 60 
25 	 20 	 80 
30 	 20 	 80 
The total time for each run was 45 min which also enabled the system to equilibrate 
between injection of samples. The separated components were detected by uv/vis 
detector at a wavelength of 535 nm for betacyanins, 472 nm for betaxanthins, 424 nm 
for betalamic acid and 280 nm for tyrosine, DOPA, and dopamine. 
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2.6.5 Identification of Peaks 
Peaks were identified by the use of external standards as well as internal 
standards, which were used for confirmation of the identification. Some of the 
standards were purchased commercially while others were prepared in the laboratory. 
2.7 Preparation of Standard Solutions 
2.7.1 Betacyanin Standards 
Betanin and isobetanin were purchased from APIN Chemical Ltd, Tokyo. 
Betanidin and isobetanidin were produced by enzymatic hydrolysis of betanin and 
isobetanin respectively. Enzymatic hydrolysis was performed using 10 mg.mr' of 3-
Glucosidase (from Almond, Sigma, UK) in citrate buffer (0.1 M, pH 4.5). 0.2 ml of 
this enzyme solution was added to 0.8 ml of betaninlisobetanin solution(100 mg.mr') 
and the mixture incubated at 37°C for 5, 10, and 30 mm. The HPLC analysis of the 
products in shown in Fig. 2.7.1. The average retention times of betanin, isobetanin, 
betanidin and isobetanidin are 10.4, 12.7, 12.0, and 14.6 min respectively. Fig. 2.7.2 
shows the chemical structure of the compounds (see Nilsson, 1970). 
2.7.2 Miraxanthin V Standard 
Miraxanthin V (see Fig. 2.7.3) standard was prepared according to the method 
described by Trezzini and Zryd (1991). Miraxanthin V was synthesised by a 
spontaneous conjugation between betalamic acid (Pigment chromophor) and the 
added amino acid dopamine. Betalamic acid was prepared by the alkaline hydrolysis 
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Figure 2.7.1 HPLC chromatograms of a betanin and isobetanin mixture (A) and the 
products of enzymatic hydrolysis after 5 mm (B), 10 mm (C), and 30 mm (D). Peaks 
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Figure 2.7.2 The chemical structure of Betanin (A) and Betanidin (B). The isomer of 














of betanin 50 mg of betanin powder (Apin, Chemical Ltd, Tokyo) was dissolved in 10 
ml of distilled water and after filtration, the solution was hydrolysed for 30 min at 
room temperature with 20 ml of 1.5 M ammonia (Fisons, England). After the mixture 
had turned completely yellow, the visible spectrum of the solution was measured to 
confirm that betanin had been completely hydrolysed to betalamic acid (maximum 
absorption at 424 run). Then 5 mg of dopamine were added to 5 ml of the prepared 
betalamic acid. The preparation was stirred for 15 min and the pH adjusted to 6 with 
HC1, the solution reduced to dryness in a rotary evaporator at 28°C and then the 
residue redissolved in water (HPLC grade, BDH, England, UK). The absorption 
spectrum and HPLC analysis (see 2.6) of the preparation are shown in Fig. 2.7.4 (A) 
and (B) respectively. The maximum absorption of miraxanthin V was at 472 nm and 
retention time of miraxanthin V was recorded at 16.94 mm, with little variation 
between different runs. 
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Figure 2.7.4 The visible spectrum of a miraxanthin V standard (A) prepared 
according to the method described in 2.7.2, and the HPLC chromatogram, monitored 
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2.7.3 Betalamic Acid Standard 
Betalamic acid (see Fig. 2.7.5) standard was prepared by the alkaline 
hydrolysis of betanin as described in 2.7.2. After hydrolysis was completed the 
solution was reduced to dryness in a rotary evaporator at 28°C and then dissolved in 
water (HPLC grade, BDH, England, UK) and analysed by HPLC using the methods 
described in 2.6. The visible spectrum and HPLC chromatogram of the prepared 
betalamic acid are shown in Fig. (2.7.6) (A) and (B) respectively. The compound has 
a maximum absorption at 424 nm, and a retention time of 6.97 min with little 
variation between different runs. 
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Figure 2.7.6 The visible spectrum of a betalamic acid standard (A) prepared as 
described in 2.7.2, and the HPLC chromatogram monitored at 424 nm (B) of the 
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2.7.4 Tyrosine and Dopamine Standards 
Tyrosine and dopamine (see Fig. 2.7.7) standards were purchased from Sigma 
(Chemical ltd, UK). The HPLC chromatograms of these compounds are shown in Fig. 
2.7.8. The average retention times of tyrosine and dopaniine are 7.04 min and 7.86 
min respectively. 
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2.8 Quantification of Compounds 
The amounts of betacyanin, miraxanthin V, and betalamic acid in samples 
were determined according to their molar extinction coefficients based on the laws of 




C 	= Molar concentration of pigment 
OD = Optical density 
C 	 Molar extinction coefficient 56,000 
for betacyanins, 48,000 for betaxanthins and 
24,000 for betalamic acid (Girod and Zryd 
1991) 
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Figure 2.7.8 HPLC chromatogram monitored at 280 nm of tyrosine (A), and 
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The amounts of tyrosine and dopamine in samples were determined using the 
calibration curves presented in Fig. 2.8.1. 
2.9 Determination of Tyrosine Hydroxylase Activity 
2.9.1 Preparation of Crude Enzyme Extract 
All steps in the preparation of tyrosine hydroxylase were carried out at 2-4°C. 
Cells from 14 day old suspension cultures were harvested, weighed and then stored at 
-20°C. At the time of analysis, frozen cells (6 g f.wt.) were allowed to thaw and then 
homogenised in a pestle and a mortar, on ice, with 8 ml of 0.1 M phosphate buffer 
(pH6) containing 0.5 M sodium chloride and 25 mM sodium ascorbate. The 
homogenate was then centrifuged at 1600 xg for 30 mm. The pellet was then washed 
twice in 5 ml of the same buffer and centrifuged for 30 mm. The pooled supernatants 
were then collected and the final volume was adjusted to 20 ml. 
2.9.2 Determination of Soluble Protein Content in the Enzyme Extract 
Protein content of the enzyme extract was determined using the method of 
Bradford (1976). The method is based on the fact that Coomassie Brilliant Blue G-
250 exists in two forms of different colours, red and blue. The red form is converted 
to the blue form as a result of binding to protein. The protein dye complex has a high 
extinction coefficient at 595 nm which facilitates the sensitive measurement of 
protein. 
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Figure 2.8.1 Calibration curves for tyrosine (A) and dopamine (B) standards used for 
the estimation of these compounds. 
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Dye solution was prepared by dissolving 100 mg of Coomassie Brilliant blue 
G-250 (United States Biochemical Corporation, Cleveland, Ohio) in 50 ml of 95% 
ethanol followed by addition of 100 ml of 85% w/v phosphoric acid (BDH, England, 
UK). The final volume of the solution was made up to 1 litre and the dye solution was 
stored in the dark at room temperature. 
Protein content of the enzyme extract was estimated by addition of 5 ml of dye 
solution to 0.1 ml of enzyme extract. The mixture was vortexed for 20 seconds, 
allowed to stand for 5 min and the absorption was measured at 595 tun. The amount 
of protein in the sample was estimated from a calibration curve made with a solution 
of Bovine Serum Albumin (10-100 rig) (Sigma, UK) (Fig. 2.9.1). 
2.9.3 Assay of Tyrosine Hydroxylase Activity 
A modification of the method of Arnow (193 7) was used for the estimation of 
tyrosine hydroxylase activity. The principle of the method is that in acid solution, 3,4 
dihydroxyphenylalanine (DOPA), the product of the enzyme, reacts with nitrous acid 
to give a yellow colour, this colour changes to orange-red, with a maximum 
absorption at 510 nm, in the presence of excess sodium hydroxide. 
The assay was carried out by the addition of 0.2 ml of enzyme extract to 0.8 
ml of 2 mM tyrosine in 0.1 M phosphate buffer at pH 6. The mixture was incubated at 
27°C for 15 mm, after which the enzyme reaction was stopped by the addition of 0.5 
ml of 0.5 M HC1. Then 1 ml of nitrite molybdate, freshly prepared by dissolving 1 g 
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Figure 2.9.1 Calibration curve for the estimation of protein using Bovin Serum 
Albumin as a standard (Bradford 1976). 
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of sodium nitrite and 1 g of sodium molybdate in 10 ml distilled water, was added. The 
mixture was vortexed for 30 seconds, left to stand for 5 min and then 0.5 ml of 2 M 
NaOH was added. Immediately after the addition of NaOH the absorption at 510 nm 
was measured. The same assay mixture with inactivated enzyme (inactivated by the 
addition of 0.5 ml of 0.5 M HC1 to 0.2 ml of enzyme extract), at time zero was used as 
a control. The amount of DOPA produced by the enzymatic reaction was estimated 
from a calibration curve made with standard solutions of DOPA (Sigma, UK) (Fig. 
2.9.2). Enzyme activity is expressed as units (U). One unit is the amount of enzyme 
that catalyses the formation of 1 tmol of DOPA per minute. The specific activity was 
calculated by dividing the activity of enzyme by the amount of protein in mg. 
2.10 Statistical Analysis 
Statistical analysis (see Gomez and Gomez 1984) was carried out by a computer 
using a statistical package program, Minitab "Release 10" (see Minitab Manual 1994). 
Unless otherwise stated, three replicates, at least were employed in experiments and the 
mean was then calculated. Standard error of the mean (se.) was calculated in order to 
estimate the variation within the group of replicates in each case. 
Data expressed as percentages were subjected to arcsine transformation, whenever 
the percentage value in a set of data falls out of the range (30-70), and statistical 
manipulations were carried out on the transformed values (see Sokal and Rohlf 1981). 
This was done because percentage values do not conform to the normal distribution and 
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Figure 2.9.2 Calibration curve made with standard solutions of DOPA for the 
estimation of DOPA produced by tyrosine hydroxylase in the enzyme assay (Arnow 
1939). 
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so statistical methods which assume that sample data were normally distributed about a 
mean cannot be applied to their analysis. Tables found in Sokal and Rolf (1969) were 
used for transformations. 
Analysis of variance and multiple comparison of the means (FISHER multiple 
comparison) were applied in order to assess the significancy in the differences between 
means. T-test was employed for comparison between two treatments. The correlation 





This chapter is divided into four main sections (3.1, 3.2, 3.3, and 3.4). In 
section 3.1 the growth and betalain accumulation in suspension cultures of Beta 
vulgaris was characterised. In the following section (3.2) the effect of culture 
conditions on growth and betalain production was investigated. Subsection 3.2.1 dealt 
with the effect of manipulation of major nutrients (nitrogen, phosphate, and sucrose), 
subsection 3.2.2 examined the effect of growth regulators supplementation (2,4-D and 
kinetin), and in subsection 3.2.3 the application of the precursor tyrosine and DOPA 
was tested. In section 3.3 the production of betalain in cell cultures of Beta vulgaris 
was investigated in relation to cellular heterogeneity. This section includes three 
subsections 3.3.1, 3.3.2, and 3.3.3. In subsection 3.3.1 various cell lines (violet, 
orange, yellow, and white) were derived from the original culture of Beta vulgaris, by 
cloning single cells of different colours. The cell lines were characterised with regard 
to growth, betalain content, betalain related compounds content, and the proportion of 
pigmented cells. The stability of the cell lines with regard to betalain production and 
the proportion of pigmented cells was also examined over a period of 15 months. In 
subsection 3.3.2 the production of betalain in the violet cell line under modified 
culture conditions was investigated focusing on the relationship between the 
production of betalain and cellular heterogeneity. Subsection 3.3.3 examined the 
effect of culture conditions on the production of betalain and cellular heterogeneity in 
the yellow cell line. Finally, in section 3.4 the relationship between the activity of 
tyrosine hydroxylase and the final yield of betalain in Beta vulgaris cultures was 
explored. 
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3.1 CHARACTERISATION OF GROWTH AND BETALAIN 
ACCUMULATION IN SUSPENSION CULTURES OF Beta vulgaris 
The accumulation of the majority of secondary products in plant cell cultures 
occurs at the end of the growth cycle (stationary phase) when cell division has ceased 
or slowed down (e.g. Lindsey and Yeoman 1983, Hirose et al., 1990, Böhm et al., 
1991, and Sakuta et al., 1994). This inverse relationship between the growth and 
secondary metabolite accumulation has been related to the competition between 
primary and secondary metabolism for common precursors (Phillips and Henshaw 
1977, and Yeoman et al., 1980). In such cases limitation of growth, i.e. by 
manipulation of culture conditions, may result in an enhanced production of 
secondary metabolites (see Lindsey and Yeoman 1984, Lindsey 1985, 1986, Hall and 
Yeoman 1991). However, there are some instances in which production of secondary 
metabolites takes place during the active growth phase (see for example Corduan and 
Reinhard 1972, Sharma and Khanna 1980, Kadkade 1982, Hirose et al., 1990, and 
Sakuta 1994). Betacyanin in particular has been reported to accumulate and reach the 
maximum levels during the logarithmic phase of growth in Phytolacca amricana cell 
cultures (Sakuta et al., 1986, 1994 and Hirose et al., 1990). In Beta vulgaris cell 
cultures Jaafar (1992) also showed a positive correlation between growth and betalain 
production and the maximum betalain was achieved when cell proliferation was 
maximal. In contrast, Monroy et al. (1994) reported that betalain production in Beta 
vulgaris cell cultures was not growth related. So, different secondary metabolites may 
have different patterns of accumulation in cultured cells. In addition, the accumulation 
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of the same product may vary in different cultures. In this experiment, therefore, 
growth and betalain production in suspension cultures of Beta vulgaris, was 
characterised in order to determine the relationship between growth and pigment 
accumulation throughout the growth cycle of the culture. 
Cultures were initiated by inoculating 1 g (wet weight) of cells, obtained from 
a 13 day old stock cell culture (see 2.1.1), into 50 ml of standard growth medium (see 
2.1.2.1) contained in a 250 ml Erlenmeyer flask. The cultures were then placed on an 
orbital shaker and incubated under the conditions specified in 2.1.4. The growth of 
cultures and betalain production as well as the changes in the proportion of pigmented 
cells were followed by taking samples on days 0, 2, 5, 9, 13, 15, 17 and 21. At each 
sampling time three flasks were harvested and measured. The growth of the culture 
was assessed by determining the fresh weight, dry weight, packed cell volume, cell 
number and cell viability of cultures according to the methods described in 2.2. The 
betalain content was extracted as indicated in 2.3 and analysed according to the 
method described in 2.4 and 2.5. The proportion of the pigmented cells was 
determined as described in 2.2.6. 
Results presented in Fig. 3.1.1 show the changes in fresh weight (A), dry 
weight (B), packed cell volume (C), cell number (D) and cell viability (E) of the 
cultured cells over a period of 21 days. As shown by the figure, the fresh weight 
(f.wt.) and packed cell volume (PCV) remained almost unchanged during the first two 
days. After this brief lag phase the f.wt. and PCV increased steadily until day 15 after 
which no significant increase was observed. After day 17 the f.wt. and PCV decreased 
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Figure 3.1.1 Characterisation of the growth of a Beta vulgaris suspension culture; (A) 
culture fresh weight, (B) culture dry weight, (C) packed cell volume, (D) cell population 
density per ml of the culture, (E) proportion of viable cells. Each value is s mean of 3 
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until the end of experiment. The patterns of dry weight (d.wt.) and cell number (cell 
no.) change were also similar to that of f.wt. and PCV, nevertheless the dry weight 
increased slightly on day 2 but the cell number did not. In addition there was no 
significant increase between day 9 and 13. However, that was followed by a sharp 
increase between day 13 and 15 after which it remained almost constant. The 
proportion of viable cells increased during the first five days, this probably resulted 
from the death of some cells during subculture. However, after day 5 the viability of 
cells remained almost constant (Ca 82%) until day 17. After that it decreased up to the 
end of culture period. 
The betalains produced by the cultures were separated by TLC (see 2.5) of a 
cell extract, in 80% methanol, obtained from a sample taken at time 0. Figs. 3.1.2 (A) 
and (B) show the separated pigment bands on a TLC plate and their corresponding 
visible spectra. Two distinct pigment bands were separated, one violet (a) and one 
yellow (b). The violet pigment band (RF = 0.3) was identified as betacyanin and has 
an absorption maximum at 535 nm. The yellow pigment (RF = 0.7) was identified as 
betaxanthin and has an absorption maximum at 472 nm. 
Fig. 3.1.3 presents the pattern of betacyanin and betaxanthin accumulation as 
expressed per g fresh weight (A) and per culture (B) as well as the change in the 
proportion of pigmented cells (C) throughout the culture cycle. As can be seen from 
Fig. 3.1.3(A) the amount of betacyanin and betaxanthin per g. f.wt. had increased 
slightly by day two, indicating that the onset of betalain synthesis started during the 
lag phase probably prior to, or immediately after, the start of cell division. However, 
between day 5 and day 9 the amount of pigments per unit f.wt. had decreased to reach 
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Figure 3.1.2 The separation of betacyanin (a) and betaxanthin (b) from a cell extract 
(time 0), in 80% methanol, of Beta vulgaris on TLC plate (A), and the corresponding 
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Figure 3.1.3 The pattern of betacyanin and betaxanthin accumulation throughout the 
growth cycle of a Beta vulgaris cell culture, (A) content of betacyanin (measured at 535 
nm) and betaxanthin (measured at 472 nm) per g. fresh weight, (B) total betacyanin and 
betaxanthin per culture, (C) the percentage of pigmented cells. Each value is a mean of 3 
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a value which was approximately equal to the starting value. Between day 9 and 13 
there was further slight decrease in pigment content followed by an increase from day 
13 up to day 15. Subsequently the betacyanin level decreased and the betaxanthin 
remained constant until the end of the culture period. The amount of betacyanin and 
betaxanthin accumulated per culture increased from day 0 until day 15, then levelled 
off. The betacyanin per culture decreased sharply between day 17 and the end of the 
experiment, by day 21 the pigments had begun to leach out into the medium and the 
cultures had turned black. The proportion of pigmented cells more or less paralleled 
the accumulation of betalain per g. f. wt. during the culture cycle. 
Overall the results show that the pattern of growth of suspension cultures of 
Beta vulgaris includes a lag phase which lasts for 2 days followed by a phase of active 
cell division and growth followed by a stationary phase which was reached around 
day 15. Both betacyanin and betaxanthin were produced by the culture and the onset 
of betalain synthesis occurred during the lag phase, probably prior to, or immediately 
after, cell division had started. However, the accumulation of pigments was 
synchronised with growth and the maximum level was attained when growth had 
reached a maximum. The changes in the proportion of pigmented cells throughout the 
growth cycle closely followed the changes in betalain content per g. f.wt. 
Having found that the accumulation of betalains correlates closely with 
growth, it might be expected that culture conditions which modify growth would also 
affect betalain accumulation. In the next section an attempt was made to optimise the 
conditions of culture for optimum growth and also to enhance betalain production. 
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3.2 EFFECT OF CULTURE CONDITIONS ON GROWTH AND BETALAIN 
ACCUMULATION IN SUSPENSION CULTURES OF Beta vulgaris 
There are number of articles in the literature reporting the crucial effect of 
environmental factors on growth and secondary metabolism in cell and tissue cultures. 
These factors include light, temperature and composition of the culture medium. The 
effects of various components of the medium on cell growth and the production of 
secondary metabolites have been reviewed by Kato et al. (1977), Dougall (1980), 
Fujita et al. (1981), Mantell and Smith (1983), De-Eknamkul and Ellis (1985), 
Yeoman and Yeoman (1996). However, it is well known that the nutrient and growth 
regulator requirements to enable maximum growth or product formation in cultured 
plant cells differ from species to species and from product to product. In addition, a 
medium sufficient for growth is not always sufficient for optimum production of the 
metabolite of interest, therefore it is important to determine the optimum composition 
of the medium for each case. 
In the following set of experiments, the effects of various concentrations of 
several components of the medium including major nutrients (nitrogen, phosphorus 
and sucrose), growth regulators (2,4-D and kinetin), and betalain precursors (tyrosine 
and DOPA) supplementation were investigated, on growth and betalain production in 
an attempt to optimise culture yield. 
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3.2.1 Effect of Manipulation of Major Nutrients on Growth and Betalain 
Production 
Nitrogen, phosphorus, and sucrose are major nutrients in the medium of cell 
and tissue cultures and manipulation of these compounds can influence not only the 
growth but also secondary metabolite production (see Knobloch and Berlin 1980, 
Sakuta et al., 1986, 1987, Hirose et al., 1990, Kitamura etal., 1991, and Norton et al., 
1991). In this subsection, therefore, the effect of various concentrations of each of 
these nutrients was examined on the growth and betalain accumulation. 
3.2.1.1 Effect of the Concentration of Inorganic Nitrogen in the Medium on 
Growth and Betalain Accumulation 
Nitrogen is an essential nutrient element in the medium of tissue cultures and 
plays an important role not only in growth, but also in secondary metabolism (Dougall 
1980). Generally, it is added to the medium in a form of nitrate NO 3 and/or 
ammonium N114+. However, the form in which nitrogen is provided and the 
concentration supplied have a critical effect on the production of secondary 
metabolites. The role of this element in secondary metabolism has been investigated 
in relation to growth in many different systems. In some systems, an inverse 
relationship was observed between growth and metabolite production and here 
limitation of nitrogen resulted in an enhanced production of secondary products 
(Amorim et al., 1977, Knobloch and Berlin 1980, Yamakawa et al., 1983, Lindsey 
1985). In contrast, in other systems secondary product accumulation was increased by 
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raising the total amount of nitrogen in the medium. For example, the formation of 
shikonin derivatives in cell cultures of Lithospermum eythrorhizon increased with 
increasing nitrogen in the medium within the range 67 to 104 mM, and decreased at 
nitrogen concentrations higher than 134 mM (Mizukami et al., 1977). In addition, in 
Phytolacca americana, betacyanin accumulation per cell increased as the total 
nitrogen concentration rose within the range 0-40 mM (Sakuta et al., 1987). The aim 
of this experiment was to investigate the effect of various concentrations of inorganic 
nitrogen (i-N) on the growth and betalain accumulation on Beta culture. 
Four different media (Gainborg's 135) with various concentrations of nitrogen 
were prepared as described in 2.1.2.2. The level of nitrogen in the media was altered 
by the addition of different amounts of (NH 4)2 SO4 and KNO3 keeping the same ratio 
of NH4 :NO3 (1:11) originally found in the standard 135 medium. The final 
concentrations of inorganic nitrogen (i-N) in the prepared media were (14.5 mM, 29 
mM (control), 58 mM, and 116 mM). After preparation, the media were poured into 
250 ml Erlenmeyer flasks (50 ml per flask) and autoclaved. Each flask was then 
inoculated with 1 g (wet weight) of cells obtained from well mixed 13 d. old cultures. 
All flasks were then placed on an orbital shaker and incubated under the conditions 
described in 2.1.4. At regular intervals of 5 days, 3 flasks of each treatment were 
harvested for the determination of fresh weight (see 2.2.1) and betalain content (see 
2.3 and 2.4). 
Fig. 3.2.1 shows the pattern of growth, in terms of fresh weight of cultures in 
media with different concentrations of nitrogen. As can be seen from the control 
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Figure 3.2.1 Changes in fresh weight of suspension cultures of Beta vulgaris grown for 
20 days in media with various concentrations of inorganic nitrogen (i-N). Each value is a 
mean of 3 replicates ± Se. 
12  
—0-- 14.5mMi-N 
10 -0-- 29.0mM i-N 
58.0mM i-N 
116 mMi-N 
0 	5 	10 	15 	20 	25 
Time (days) 
72 
medium values (i-N 29 mM) little increase in fresh weight was attained within the 
first 5 days, as this period includes the lag phase. After day 5 the fresh weight 
increased more rapidly and linearly until day 15 at which a 9.4 fold increase had been 
achieved. Subsequently the culture fresh weight decreased slightly until the end of the 
experiment. On media with a nitrogen (i-N) concentration at either 14.5 mM or 58 
mM the fresh weight increase was closely similar to the control. On the medium with 
a nitrogen concentration of 116 mM the fresh weight of cultures was significantly 
lower than the control on days 10, 15, and 20. 
The amounts of betacyanin accumulated per g. fiwt. under the different 
treatments are shown in Fig. 3.2.2 (A) from which it can be seen that, in the control 
medium (i-N = 29 mM) the production of betacyanin per g. f.wt. was more or less 
constant over the growth period. In the different treatments, betacyanin accumulation 
was not significantly different from the control. However, per culture (Fig. 3.2.2 (B)) 
betacyanin accumulation was similar to the control at nitrogen concentrations of (i-N 
= 14.5 mM) and (i-N = 58 mM) whereas it was significantly lower than the control on 
day 15 and 20 at a nitrogen concentration of (i-N = 116 mM). 
Fig. 3.2.3 presents the amounts of betaxanthin accumulated throughout the 
culture period, under treatments, as expressed per g. fresh weight (A) and per culture 
(B). As shown by the control values (i-N = 29 mM) the production of betaxanthin per 
g. fresh weight was almost constant during the growth period until day 15 after which 
it decreased. In the treatments betaxanthin accumulation was not significantly 
different from the control. The total betaxanthin accumulated per culture (Fig. 3.2.3 
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Figure 3.2.2 Changes in the betacyanin content per g. fresh weight (A) and per culture 
(B), measured at 535 nm over 20 days in cell cultures of Beta vulgaris grown in media 
with various concentrations of inorganic nitrogen (i-N). Each value is a mean of 3 
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Figure 3.2.3 Changes in the betaxanthin content per g. fresh weight (A) and per 
culture (B), measured at 472 nm, over 20 days in cell cultures of Beta vulgaris grown 
in media with different concentrations of inorganic nitrogen (i-N). Each value is a 
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(B)) was also not significantly different from the control. 
The overall results show that decreasing the concentration of inorganic 
nitrogen to half (i-N = 14.5) of that originally present in B5 medium, or increasing it 
up to the double (i-N = 58 mM) the level, had no significant effect on either growth or 
betalain production, however, elevating its concentration up to (116 mM) resulted in a 
reduction in the growth of culture, in terms of fresh weight. However, the production 
of betacyanin and betaxanthin, on a per g. f.wt. or per culture basis, was not 
significantly influenced. 
In the next experiment, the effects of various concentrations of phosphorus, 
another major nutrient, was examined on growth and betalain production. 
3.2.1.2 Effect of the Concentration of Inorganic Phosphorus in the Medium on 
Growth and Betalain Accumulation 
The results of the previous experiments showed that altering the concentration 
of inorganic nitrogen in the medium did not enhance either growth or betalain 
production. In this experiment the effects of various concentrations of phosphorus was 
studied. Phosphorus is an essential element in the tissue culture media and the effects 
of this element on growth and secondary metabolism in cell and tissue cultures have 
been investigated by a number of researchers for example Merillon et al., 1983, 
Knobloch and Berlin 1981, 1983, Lindsey 1985, Yamamoto et al., 1989, Hirose et al., 
1990 and Deliu et al., 1992. With regard to betalain production, the elimination of 
phosphate from the medium results in a more intensively pigmented callus of Beta 
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vulgaris (Constable and Nassif-Makki 1971). In contrast, omitting phosphate from the 
medium of cell cultures of Chenopodium rubrum L. (Berlin et al., 1986) caused a 
significant decrease in betacyanin production and completely suppressed pigment 
synthesis in Phytolacca americana cell cultures and this inhibition was reversible by 
the addition of phosphate (Hirose et al., 1990). Sakuta et al. (1986) reported that 
betacyanin production and cell number were increased by raising the phosphate 
concentration within the range 0-1.25 mM in Phytolacca americana cell culture. In 
Beta vulgaris cell cultures (Monroy et al., 1994) showed that phosphate was rapidly 
consumed and its absence from the medium could be correlated with a betalain 
increase. Therefore, this experiment was carried out in order to determine the 
optimum concentration of phosphorus for growth and betalain production. 
Media (Gamborg's 135) with different concentrations of phosphorus were 
prepared as described in 2.1.2.2. Phosphate (NaH 2PO4 .21-120) was added to the media 
at various concentrations varying from 0.5 up to 4 times the standard level of B5 
medium to attain final concentrations of inorganic phosphorus (i-P) as follows (0.55 
mM, 1.10 mM (control), 2.2 mM and 4.4 mM). After preparation, the media were 
poured into 250 ml Erlenmeyer flasks (50 ml per flask) and autoclaved. Each flask 
was then inoculated with 1 g (wet weight) of cells obtained from well mixed 13 d. old 
cultures. All cultures were then incubated on an orbital shaker under the conditions 
described in 2.1.4. At regular intervals (5 days) three flasks for each treatment were 
harvested and the fresh weight (see 2.2. 1) and betalain content (see 2.3 and 2.4) were 
determined. 
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Results presented in Fig. 3.2.4 show the changes in fresh weight of cultures 
grown at different phosphate concentrations. In the control (i-P = 1.1 mM) little 
increase in culture fresh weight was observed within the first 5 days, as this period 
includes the lag phase. After 5 days the fresh weight increased rapidly and linearly to 
attain a 9 fold increase by day 15. After that it remained almost constant. In the 
treatment where the phosphorus level was reduced to half the control (i-P = 0.55 mM), 
the increase in culture fresh weight was similar to the control within the first 10 days 
but was significantly lower than the control after 10 days until the end of experiment. 
In treatments in which the phosphorus concentration was increased up to 2.2 mM or 
4.4 mM, the increases in the fresh weight were not significantly different from the 
control. 
Fig. 3.2.5 (A) presents the amounts of betacyanin accumulated per g. f.wt. 
over the culture period at different concentrations of phosphorus from which it can be 
seen that in the control (i-P 1.1 mM) the betacyanin content of the cultures decreased 
slightly between day 5 and 10 and then remained almost constant. In the test 
treatments betacyanin production over the culture period was not significantly 
different from the control, except that at high concentrations of phosphorus (i-P 2.2 
mM, and 4.4 mM) cultures were turning brown/black in colour from day 15 showing 
death of the cells. This was probably caused by the high concentration of Na ions in 
the phosphate salt (NaH 2PO4 .21-120). The amounts of betacyanin accumulated per 
culture (Fig. 3.2.5 (B)) in the treatments were also not significantly different from that 
accumulated by the control, apart from a lethal effect which appeared after day 15 at i-
P of 2.2 and 4.4 mM. 
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Figure 3.2.4 Changes in the fresh weight of cell cultures of Beta vulgaris grown for 20 
days in media with different concentrations of inorganic phosphate (i-P). Each value is a 
mean of 3 replicates ± se. 
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Figure 3.2.5 Changes in betacyanin content per g. fresh weight (A) and per culture 
(B), as measured at 535 nm over the culture period in Beta vulgaris cultures grown in 
media with various concentrations of inorganic phosphorus (i-P). Each value is a 
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The changes in betaxanthin content per g. fresh weight over the growth period 
in cultures grown at different concentrations of phosphorus are shown in Fig. 3.2.6 
(A). As the figure shows, in the control cultures (i-P 1.1 mM) betaxanthin production 
over the growth period was more or less constant. On day 5 in all of the treatments 
betaxanthin content per g. fresh weight appeared to be higher than the control but was 
not statistically significant. However, after day 5 betaxanthin accumulation in all 
treatments was closely similar to the control until the end of experiment in the 
treatment of i-P 0.55 mM and up to day 15 in cultures with i-P 2.2 mM and i-P 4.4 
mM, after which cultures turned brown/black in colour. On a per culture basis (Fig. 
3.2.6 (B)) bataxanthin production was also not affected by any of the treatments, apart 
from the browning effect which appeared after day 15 at i-P of 2.2 mM and 4.4 mM. 
The overall results show that decreasing the concentration of inorganic 
phosphorus in the medium to 0.55 mM caused a reduction in the growth of cultures 
but did not significantly affect the production of betalain pigments. In contrast, 
increasing the concentration of phosphorus, up to 2.2 mM or 4.4 mM had no 
significant effect on either the growth or betalain production within the first 15 days. 
After that the treatments had a lethal effect. 
In the following experiment the effect of various concentrations of sucrose, 
another important component of the medium, on the growth and betalain production 
was examined. 
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Figure 3.2.6 Changes in betaxanthin content per g. fresh weight (A) and per culture 
(B), as measured at 472 nm, over the culture period in Beta vulgaris cultures grown in 
media with various concentrations of inorganic phosphorus (i-P). Each value is a 
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3.2.1.3 Effect of Sucrose Concentration on Growth and Betalain Accumulation 
In the previous two experiments attempts to stimulate betalain production by 
manipulating the concentration of nitrogen or phosphate in the medium were not 
successful. In this experiment attempts were made to enhance the production of 
betalain by raising the concentration of sucrose. Sucrose is the main source of carbon 
in tissue culture media, besides its ability to support growth, it has also been shown to 
affect the production of secondary metabolites. There are a number of references in 
the literature which show that higher yields of secondary metabolites can be attained 
by increasing the level of sucrose in the medium, for example, Kitamura et al. (1991) 
showed that a high concentration of sucrose (7-10%) improved the growth and 
alkaloid production in root cultures of Duboisia myoporoides and Duboisia 
leichhardtii, Wysokinska and Swiatek (1991) also observed that increasing the 
sucrose concentration up to 7% increased the growth and iridoid synthesis in cell 
culture of Penstemon serrulatus. A similar observation was made by Norton et al. 
(1991) on rubber production in tissue cultures of Guayule. In the present experiment 
the effects of various concentrations of sucrose (2% (control), 3%, 6% and 9%) on the 
growth and betalain accumulation were examined over a period of 25 days. 
Four media of Gamborg's B5 were prepared as described in 2.1.2.1 and 
sucrose was added at the following concentrations 2% (control), 3%, 6% and 9%: The 
media were then poured into 250 ml Erlenmeyer flasks (50 ml per flask) and 
autoclaved. Each flask was then inoculated with 1 g (wet weight) of cells obtained 
from well mixed 13d. old cultures. The flasks were then placed on an orbital shaker 
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and incubated for 25 days under the standard conditions described in 2.1.4., 3 flasks 
were sampled every 5 days for each treatment to determine fresh weight (see 2.2.1) 
and betalain content (see 2.3 and 2.4). 
Data presented in Fig. 3.2.7 show the changes in fresh weight of cultures 
grown in the media supplemented with increasing concentrations of sucrose. From 
which it can be seen that cultures grown in the control medium (2% sucrose) barely 
increased in fresh weight within the first 5 days which includes the lag phase. After 
day 5 the fresh weight increased rapidly and approximately doubled every 5 days until 
day 15. It then remained constant until day 20 after which it decreased up to the end of 
experiment. In cultures grown with the test concentrations of sucrose (3%, 6% and 
9%) the increase in culture fresh weight throughout the culture period was similar to 
the control until day 15. After that it continued up to day 20 in the case of 3% and 6%, 
and up to day 25 in the case of 9% suggesting that nutrients were still available and 
that 2% sucrose limited the growth in the medium. 
Fig. 3.2.8 (A) presents the amounts of betacyanin per g. f.wt. accumulated 
throughout the incubation period in cultures grown at different concentrations of 
sucrose. From which it can be seen that the production of betacyanin in the control 
was almost constant over 15 days. Then it declined and after day 20 the cultures 
turned black and pigment measurement was not available by day 25. In cultures 
grown at 3% sucrose betacyanin production was similar to the control for the first 10 
days but after that it increased and by day 15 the amount of betacyanin produced per 
g. f.wt. was higher than in the control by ca 45%. After that it remained almost 
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Figure 3.2.7 Changes in the fresh weight of suspension cultures of Beta vulgaris grown 
for 25 days in media with different concentrations of sucrose. Each value is a mean of 3 
replicates ± se. 
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Figure 3.2.8 Changes in the betacyanin content per g. fresh weight (A) and per culture 
(B), as measured at 535 run, over 25 days in cell cultures of Beta vulgaris grown in media 
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constant until the end of experiment. With 6% sucrose, betacyanin accumulation was 
similar to the control and was constant until day 20 after which it decreased. At 9% 
sucrose, the betacyanin content of cultures was not significantly lower than that of the 
control cultures on day 5 and 10, but by day 15 the betacyanin content was 
significantly less than in the control by ca 52%. However, after day 15 the betacyanin 
content increased until day 25 matching the levels accumulated by the control 
between day 0 to 15. It would appear that within the first 15 days, a high 
concentration of sucrose (9%) depressed betacyanin production but after day 15 when 
the level of sucrose in the medium had decreased, as a result of the consumption by 
growing cells, the inhibitory effect was relaxed. 
The accumulation of betacyanin per culture over the growth period under the 
different treatments is shown in Fig. 3.2.8 (B). As can be seen from the control values 
there was little increase in betacyanin content over the first five days. After that, the 
amount of betacyanin approximately doubled every 5 days until day 15 at which time 
a maximum was achieved. After day 20 pigment leached into the medium and the 
culture turned brown/black in colour. The results were similar for 3% of sucrose 
where the production of betacyanin was similar to the control within the first 10 days. 
After that, pigment accumulation increased, over the control, and by day 15 the 
amount of betacyanin produced had exceeded the control by ca 45%. Subsequently it 
remained more or less constant up to the end of experiment. In 6% sucrose betacyanin 
accumulation was similar to the control, however, it continued until day 20 then 
decreased. 1119% sucrose betacyanin production was lower than the control within the 
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first 15 days. After that it increased linearly until day 25 when it matched that 
produced in 3%. 
The data presented in Fig. 3.2.9 (A) show the amounts of betaxanthin 
produced per g. fresh weight throughout the culture period. In the control culture (2% 
sucrose) the production of betaxanthin was more or less constant over the growth 
cycle. At 3% betaxanthin accumulation followed pattern similar to the control within 
the first 15 days. After that, however, it increased and by day 25 the amount of 
betaxanthin was much higher by ca 80%. In 6% of sucrose, the betaxanthin contents 
on day 5 and 10 were also similar to the control but on day 15 and 20 they were 
significantly higher than the control. In 9% sucrose, the production of betaxanthin 
decreased from the onset of subculture until day 15. After that it increased and by day 
25 the level of betaxanthin achieved was similar to that produced by the control 
cultures on day 10. 
Fig. 3.2.9 (B) shows the pattern of betaxanthin accumulation per culture over 
the growth period. As can be seen the amount of betaxanthin in the control increased 
only slightly by day 5 but subsequently increased rapidly until day 15. Then it 
remained stable up to day 20 after which cultures died. In 3% sucrose, the betaxanthin 
content was similar to the control within the first 15 days, after that, however, it 
increased linearly until the end of experiment (day 25) by which time the amount of 
betaxanthin was ca 2.3 that produced by the control on day 15. In 6% sucrose, the 
production of betaxanthin was closely similar to that in 3% sucrose over 20 days of 
growth after which it decreased, however, by day 20 the amount of betaxanthin 
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Figure 3.2.9 Changes in the betaxanthin content per g. fresh weight (A) and per culture 
(B), as measured at 472 nm, over 25 days in cell cultures of Beta vulgaris grown in media 
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produced in 6% was not significantly different from the control. In 9% sucrose 
betaxanthin accumulation was significantly lower than the control within the first 15 
days. After that, however, it increased until the end of culture period (day 25) and 
reached a value similar to that achieved on day 20 in 3% sucrose. 
Overall the results show that increasing the sucrose concentration in the 
medium from 2% up to 3%, 6% or 9% did not affect the rate of growth, in terms of 
fresh weight but extended the period of growth. With regard to betalain accumulation, 
3% sucrose enhanced the production of betacyanin and betaxanthin, however, the 
stimulatory effect appeared after day 10 in the case of betacyanin and after day 15 in 
the case of betaxanthin. At a sucrose concentration of 6% betalain accumulation was 
not significantly different from the control for the first 15 days. On day 20 the 
betaxanthin but not the betacyanin content per g. f.wt. was slightly higher than the 
control, and in 9% sucrose betalain accumulation was inhibited within the first 15 
days after which the inhibitory effect was overcome. 
Results from this subsection showed that betalain production could not be 
enhanced by altering the concentration of nitrogen or phosphorus in the medium but it 
could be stimulated by increasing the concentration of sucrose up to (3%). 
In the following subsection the effect of growth regulators supplementation on 
the growth and betalain production was investigated. 
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3.2.2 Effect of Growth Regulators Supplementation on Growth and Betalain 
Production 
Plant growth regulators, particularly auxins and cytokinins are important 
components in the medium of cell and tissue cultures. The type and concentration as 
well as the balance of auxin and cytokinins are critical in determining growth and 
secondary metabolites production (see El-Bahr et al., 1989, Panda et al., 1992, and 
Choi et al., 1994). However, requirement for these phytohormones varies from 
product to product and from one culture to another. In this subsection, experiments 
were carried out in order to optimise the level of 2,4-D and kinetin in the medium for 
growth and betalain production. 
3.2.2.1 Effect of Different Concentrations of 2,4-D on Growth and Betalain 
Production 
The Auxin 2,4-D "dichiorophenoxyacetic acid" has been reported to influence 
the production of betacyanin in culture systems of different species producing this 
metabolite (Sakuta et al., 1986, Komamine et al., 1989 and Hirose et al., 1990). In 
callus cultures of Beta vulgaris Constable and Nassif-Makki (197 1) have reported that 
1 mgT' of 2,4-D inhibited the formation of betacyanin while removal of this auxin 
from the medium, resulted in the reappearance of the pigment. Therefore, in the 
following set of experiments, the effect of various concentrations of 2,4-D on the 
growth and betalain production was investigated. 
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3.2.2.1.1 Effect of 2,4-D at concentrations ranging from 0 to 0.2 mg.F' 
In this experiment the auxin 2,4-D was either omitted from the medium or 
added at various concentrations lower or higher than that present in the standard 
growth medium in order to find out the appropriate concentration for the improved 
production of betalain. 
Six media (Gamborg's 135) supplemented with different concentrations of 2,4-
D (0.02 (control), 0, 0.002, 0.01, 0.04, 0.2 mgi') and 0.1 mg.F' of kinetin were 
prepared as described in 2.1.2.1. The media were poured into 250 ml Erlenmeyer 
flasks (50 ml per flask) and autoclaved. Flasks were then inoculated with cells 
obtained from well mixed 13 d. old cultures (1 g. wet weight per flask). All cultures 
were then incubated on an orbital shaker under the conditions described in 2.1.4. After 
10 days, 5 cultures for each treatment were harvested for the determination of fresh 
weight (see 2.2. 1) and betalain content (see 2.2 and 2.4). 
Results in Fig. 3.2.10 present the effects of different concentrations of 2,4-D 
on the growth of cultures, in terms of fresh weight, as measured 10 days after 
subculture, from which it can be seen that the omission of 2,4-D from the medium or 
decreasing the concentration down to 0.002 mg.l' resulted in an increase in the fresh 
weight of the culture compared to the control (2,4-D 0.02 mg.r'). In contrast, 
increasing the concentration of 2,4-D in the medium up to 0.2 mg.1' caused a 
reduction in the fresh weight of cultures. Other treatments (2,4-D 0.01 and 0.04 mg.F 
')had no significant effect. 
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Figure 3.2.10 Effect of 2,4D on the growth of cell cultures of Beta vulgaris. 
Measurements of the fresh weight were made 10 days after subculture. Each value is a 
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The amounts of betacyanin and betaxanthin produced by cultures in different 
concentrations of 2,4-D, are presented in Fig. 3.2.11, expressed per g. fresh weight 
(A) and per culture (B). From the results it can be seen that on a per g. f.wt. basis 
betacyanin and betaxanthin contents were slightly enhanced by decreasing the 
concentration of 2,4-D in the medium to 0.01 mg.r'. At 0.002 mg.1' 2,4-D betacyanin 
content was not significantly affected while betaxanthin content was slightly 
enhanced. Removing the 2,4-D from the medium, however, resulted in a significant 
increase in betacyanin whereas betaxanthin remained unaffected. Under the conditions 
of high concentrations of 2,4-D (0.04 and 0.2 mgI') betacyanin production was 
inhibited but betaxanthin was not. On a per culture basis, betacyanin accumulation 
was stimulated at concentrations of 0 and 0.002 mg.1' 2,4-D and inhibited at (0.2 
mg.1-1 2,4-D) whereas, at 0.01 and 0.04 mgS' 2,4-D it was not significantly affected. 
Betaxanthin production per culture, was also enhanced at reduced concentrations of 
2,4-D (0-0.01 mg.r') but not significantly affected by increased concentrations (0.04 
and 0.2 mg.r'). 
The overall results indicate that low concentrations of 2,4-D are preferred for 
better growth and production of betacyanin and betaxanthin. The best production of 
betacyanin was observed in cultures grown in the medium in which 2,4-D was deleted 
whereas the best production of betaxanthin took place in cultures grown in the 
medium with 0.002 mg.l' 2,4-D. However, as the culture seemed to be very sensitive 
to low concentrations of 2,4-D, the tiny amount of 2,4-D which might be carried over 
from the previous culture with cells of the inoculum, might have a considerable effect. 
Therefore, it was decided in the following experiment to examine the effect of 2,4-D 
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Figure 3.2.11 Effect of 2,413 on betacyanin (A 535 nm) and betaxanthin (A 472 nm) content 
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throughout several passages. However, as low concentrations of 2,4-D were found to 
be more suitable for the growth and pigment production, 2,4-D at concentrations 
ranging from 0 to 0.002 mg.r' were examined in the next experiment. 
3.2.2.1.2 Effect of 2,4-D at concentrations ranging from 0 to 0.002 mg.1 1 on 
growth and betalain production over 3 passages 
It was observed from the previous experiment that growth and betalain 
production were significantly enhanced when the auxin 2,4-D was removed from the 
medium or used at low concentration (0.002 mg.r'). Therefore, the aim of this 
experiment was to examine the effect of 2,4-D when used at low concentrations 
ranging from 0 to 0.002 mgT' on growth and betalain production. To test the possible 
effect of auxin carried over with the cells of the inoculum, the experiment was run for 
three passages and results were recorded at each passage. 
Media used in this experiment were prepared as described in 2.1.2.1 but 
supplied with the following concentrations of 2,4-D 0, 0.00002, 0.0002, 0.002, 0.02 
(control) mg.l' and 0.1 mg.1' of kinetin. The media were then poured to 250 ml 
Erlenmeyer flasks, 50 ml per flask, and then autoclaved. Each flask was then 
inoculated with ca 1 g, wet weight, of cells obtained from well mixed 13 d. old 
cultures. The cultures were then incubated on an orbital shaker and maintained under 
the conditions described in 2.1.4 for three passages. At each passage 5 cultures for 
each treatment were harvested at day 10 from subculture and the fresh weight and 
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betalain content were determined according to the method described in 2.2.1 and (2.3 
and 2.4) respectively. 
The appearance of 10 d. old cultures of all treatments after three subcultures is 
shown in Fig. 3.2.12. 
Table 3.2.1 presents the mean growth rates of cultures grown at each of the 
2,4-D concentrations over three passages. As can be seen from the table in the first 
passage the growth rate of cultures was higher than the control at the concentrations of 
0 and 0.00002 mg.r' 2,4-D and similar to the control at other concentrations of 2,4-D. 
However, in the second passage, the mean growth rate of cultures was reduced in all 
treatments, especially at 0.0002, 0.00002, and 0 mg.r' 2,4-D. In the third passage, a 
further reduction in the mean growth rate of cultures was observed and in the medium 
without 2,4-D no growth was observed indicating that by this passage no auxin had 
been carried over with the inoculum cells. 
Fig. 3.2.13 presents the results for betacyanin and betaxanthin per g. fresh 
weight over three passages of 10 d. old cultures under different treatments. As the 
results shows, in the first passage (A) the betacyanin content of cultures grown with 
0.002 and 0.0002 mgf 1 2,4-D was not significantly different from the control (0.02 
mg.r' 2,4-D). Whereas, it was greater than the control at 0.00002 mgI' 2,4-D and at 
0 2,4-D. In contrast, in the second passage (B), the betacyanin content was 
significantly higher than the control in all treatments. And by the third passage (C) a 
further increase in betacyanin content over the control was attained with all 
treatments. At this passage, the amounts of betacyanin produced by the cultures had 
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Figure 3.2.12 The appearance of 10 d. old cell cultures of Beta vulgaris maintained for 
three passages in media with low concentrations of 2,41). A, B, C, D and E are cultures 












Table 3.2.1 The mean growth rate of Beta vulgaris cell cultures maintained for 3 
passages in media with different low concentrations of 2,4-D. Each value is a mean of 
three replicates ± Se. 
Mean growth rate (data x102) 
Concentration 	of First passage Second passage Third passage 
2,4-D (mg.l')  
0.02 (control) 6.80 7.37 6.57 
±0.10 ±0.11 ±0.10 
0.002 7.57 6.74 4.18 
± 0.40 ± 0.22 ± 0.18 
0.0002 7.58 3.18 0.52 
±0.15 ±0.07 ±0.24 
0.00002 7.77 2.60 0.36 
±0.07 ±0.17 ±0.16 
0 7.74 2.8 0 
±0.09 ±0.12  
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Figure 3.2.13 The content of betacyanin (A 535) and betaxanthin (A472) per g. fresh weight 
in 10 d. old cell cultures of Beta vulgaris grown for three passages in media with low 
concentrations of 2,413 (0 - 0.02 mg.F'). Each value is a mean of 5 replicates ± se. 
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increased by ca 165% at 0.002 mg.1' 2,4-D, 111% at 0.0002 mg.r' 2,4-D, 93% at 
0.00002 mg.1' 2,4-D and 100% at 0 2,4-D as compared to the control. Turning to 
betaxanthin, the Fig. (3.2.13) shows that in the first passage (A) betaxanthin content 
per g. fresh weight was not significantly different from the control with 2,4-D of 
0.002 mgI' whereas it had increased under all the other treatments. In the second 
passage (B) a substantial increase in betaxanthin content had occurred in all 
treatments, compared to the control. In the third passage (C), the betaxanthin content 
of cultures was higher than the control by ca 101% at 0.002 mg.i' 2,4-D, 58% at 
0.0002 mgI' 2,4-D 41% at 0.00002 mgI' and 54% at 0 2,4-D. 
The total betacyanin and betaxanthin produced per culture throughout the three 
passages in all the treatments are presented in Fig 3.1.14. As can be seen from these 
results, in the first passage (A) the amounts of both betacyanin and betaxanthin 
increased in all treatments. In the second passage (B), betacyanin and betaxanthin 
content increased at 0.002 2,4-D and decreased at lower concentrations of 2,4-
D. In the third passage (C), betacyanin content increased by 26% at 0.002 mgI' 2,4-D 
while betaxanthin content was not significantly different from the control. At other 
treatments, however, betacyanin and betaxanthin content decreased compared to the 
control (betacyanin content was less than the control by 54% at 0.0002 mgI', 61% at 
0.00002 mgf', and 65% at 0 2,4-D, and betaxanthin content was less than the control 
by 65% at 0.0002 mgI', 71% at 0.00002 mg.1 -1 and 73% at 0 2,4-D. 
Overall, the results of this experiment show that auxin carried over with the 
inoculum cells at subculture has a considerable effect that must be taken into account 
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Figure 3.2.14 The amounts of betacyanin (A 535) and betaxanthin (A 472) produced per 
culture in 10 d. old suspension cultures of Beta vulgaris grown for three passages in 
media with low concentrations of 2,413 (0 - 0.02 mg.i'). Each value is a mean of 5 
replicates ± se. 
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when the effect of 2,4-D is examined. Indeed more than three passages are required to 
ensure that all of the residual auxin is removed. In addition, based on the results 
obtained from the third passage, 0.002 mg.r' of 2,4-D caused a reduction in the 
growth of cultures, in terms of fresh weight, while stimulated the production of both 
betalains on a per g. f.wt. basis while enhanced the production of betacyanin but not 
betaxanthin on a per culture basis. 
However, as the 0.002 mg.i' 2,4-D treatment gave the best production of 
betacyanin but not betaxanthin per culture, among those tested, and as this treatment 
caused some reduction in the growth of cultures compared to the control, the next 
experiment examined the effect of 2,4-D at concentrations ranging from 0.002 mgf' 
up to 0.01 mg.1 1 , in an attempt to search for the best concentration of 2,4-D which 
enhance both betalains production and support better growth. 
3.2.2.1.3 Effect of 2,4-D at concentrations ranging from 0.002 to 0.01 mg.1' 
In the previous experiment it was shown that betacyanin production per 
culture was stimulated in cultures grown on a medium with a 2,4-D concentration of 
0.002 mg.l', however, betaxanthin production was not significantly affected and the 
fresh weight of cultures was markedly reduced, after 3 subcultures at this level of 2,4-
D. The aim of this experiment was to examine the effect of 2,4-D on the growth and 
betalain production when used at concentrations ranging from 0.002 up to 0.01 mg.F' 
in an attempt to search for the proper concentration of 2,4-D which enhance both 
betalains and support good growth. 
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Six media (Gamborg's B5) were prepared as described in 2.1.2.1 and 2,4-D 
was supplemented at the following concentrations (0.002, 0.004, 0.006, 0.008, 0.01 
and 0.02 mg.r' (control)) and kinetin applied at 0.1 mg.1'. The media were poured 
into 250 ml Erlenmeyer flasks (50 ml per flasks) and autoclaved. The flasks were then 
inoculated with cells obtained from well mixed 13 d. old cultures (1 g. wet weight, per 
flask). The cultures were then incubated on an orbital shaker under the conditions 
described in 2.1.4. To eliminate the auxin carried over with the inoculum, cultures 
were maintained for each treatment for 5 passages and subcultured every 14 days. At 
the fifth passage 3 flasks for each treatment were harvested on day 10 and 15 and the 
fresh weight of cultures (see 2.2.1) and betalain content (see 2.3 and 2.4) were 
determined. 
The effect of each concentration of 2,4-D on the fresh weight of cultures is 
presented in Fig. 3.2.15, as estimated at two stages of growth, day 10 and 15, from 
which it can be seen that on day 10 the fresh weight of cultures was increased with 
2,4-D at 0.008 mg.F' and decreased at 0.002 mg.r' whereas it was not significantly 
influenced at other concentrations, as compared to the control (P = 0.03). On day 15 
the fresh weight of cultures grown under all treatments was quite similar to the 
control. However, it is worthy to note here that limitation of nutrients, resulting from 
consumption by growing cells, at this stage (day 15) may restrict the increase in fresh 
weight of cultures with a higher initial growth rate that may be caused by the 
treatments. 
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Figure 3.2.15 The growth of Beta vulgaris cell cultures on days 10 and 15 from 
subculture after maintenance for five passages in media with different concentrations of 
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Fig. 3.2.16 presents the amount of betacyanin produced by cultures under 
different treatments, as expressed per g. fresh weight (A) and per culture (B), at two 
stages of growth, day 10 and 15. As shown by the results betacyanin content of 
cultures per g. fresh weight was not significantly influenced by 0.01, 0.008 and 0.006 
mg.1 on day 10 whereas it was significantly increased with 2,4-D at 0.004, and 0.002 
mg.l' as compared to the control. By day 15 the betacyanin content per g. fresh 
weight had decreased with 2,4-D of 0.01 mg.r' while it had increased in the other 
treatments which had enhanced the production of betacyanin equally. On a per culture 
basis (B) betacyanin content of cultures grown at all concentrations of 2,4-D was not 
significantly different from the control on day 10 whereas on day 15 it had 
significantly increased at 0.008, 0.006 and 0.004 mgI' compared to the control. The 
highest increase (ca 57%) occurred at 0.006 mg.1 -1 2,4-D, however, according to 
statistical analysis there is no significant difference between these three treatments 
(0.008, 0.006, and 0.004 mgI' 2,4-D) in their stimulatory effect. Other treatments, on 
the other hand, had no significant effect when compared with the control. 
Turning to betaxanthin, Fig. 3.1.17 (A) and (B) shows that on day 10 the 
production of betaxanthin per g f.wt. was slightly increased at 2,4-D of 0.002-0.008 
mg.l', however, analysis of variance showed that this increase was not significant (P 
= 0.1). When the pigment content was expressed per culture, betaxanthin production 
was increased with 2,4-D at 0.004-0.1 mg.r', again this increase was not significant (P 
= 0. 1), as the standard error was high within the treatments. On day 15 the treatments 
of 0.008, 0.006 and 0.004 mg.1' 2,4-D significantly increased the content of 
betaxanthin per g. fresh weight and per culture. The highest increase in betaxanthin 
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Figure 3.2.16 The amounts of betacyanin (A 535 nm) produced per g. fresh weight (A) and 
per culture (B) as measured on day 10 and 15 during subculture in suspension cultures of 
Beta vulgaris after maintenance for five passages in media with different concentrations 
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Figure 3.2.17 The amounts of betaxanthin (A 472  Mn)  produced per g. fresh weight (A) 
and per culture (B) as measured on day 10 and 15 during subculture in suspension 
cultures of Beta vulgaris after maintenance for five passages in media with different 
concentrations of 2,4-D ranging from 0.002 to 0.02 mg.l. Each value is a mean of 3 






















B 0.002 mg/i 
(B) 





13 0.002 mg/i 







production was attained at 0.006 mg.1' 2,4-D, at which betaxanthin content was 
higher than the control by ca 36% on per g. fresh weight basis and by ca 57% on a per 
culture basis. However, the increases in betaxanthin production at 0.008 and 0.004 
mgi' 2,4-D were not significantly lower than that at 0.006 mg.r'. 
Overall the results showed that decreasing the concentration of 2,4-D in the 
medium to 0.008, 0.006 or 0.004 mg.1' resulted in an enhanced production of 
betacyanin and betaxanthin although it did not significantly affect the growth. This 
stimulation was significant only at the later stage of growth (15 d.) and it was not 
proportional to the concentration. The highest production of pigments was attained 
with 0.006 mg.1 2,4-D, however, statistically the treatments (0.008, 0.006 and 0.004 
mg.i' 2,4-D) were equally stimulatory on pigment production. At 0.002 mg.r' 2,4-D 
betacyanin content per g. fresh weight was enhanced at the early stage of growth (10 
d.) while the fresh weight of culture was reduced. However, this effect was 
diminished at the later stage of growth (15 d.), as compared to the control. 
Results from 3.2.2.1 showed that the production of betalain in cultures could 
be enhanced by decreasing the concentrations of 2,4-D in the medium, in the 
following experiments, the effect of various concentrations of kinetin in the medium 
was examined. 
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3.2.2.2 Effect of Various Concentrations of Kinetin on Growth and Betalain 
Production 
Kinetin has been reported to stimulate the production of betalain in the dark 
(see Colomas 1975, Piattelli 1981, Bianco-Colomas and Hugues 1990). Recently, 
Rudat and Goring (1995) reported that increasing the concentration of kinetin in the 
medium, from 0.1 mg.1' to 5 mg.r' caused a substantial increase in betacyanin 
content of cell cultures of Chenopodium album grown in white light. The aim of this 
experiment was to examine the effect of various concentrations of kinetin in the 
medium on growth and betalain production. 
Five media (Gamborg's B5) were prepared as described in 2.1.2.1 but with the 
following concentrations of kinetin 0.01, 0.05, 0.1 (control), 0.5 and 1.0 mg.l'. 2,4-D 
was supplied to all media at the standard concentration (0.02 mg.1 1 ). Erlenmeyer 
flasks (250 ml) each containing 50 ml of medium were inoculated with 1 g. (wet 
weight) of cells obtained from 13 d. old suspension cultures (see 2.1.4). The cultures 
were then placed on an orbital shaker and incubated under the conditions described in 
2.1.4 and remained for three passages, in order to remove the residual kinetin or 2,4-D 
carried over with the inoculum cells. At the third passage, 5 flasks for each treatment 
were harvested at day 13 for analysis. The fresh weight of cells was determined as 
described in 2.2.1 and betalain content was extracted and determined as indicated in 
2.3 and 2.4 respectively. 
The effect of the different concentrations of kinetin on the growth of cultures, 
(fresh weight) is presented in Fig 3.2.18, measured 13 d. after subculture. As can be 
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Figure 3.2.18 Effect of different concentrations of kinetin on the growth of Beta vulgaris 
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seen from the results, high concentrations of kinetin (0.5, 1.0 mg.r') resulted in a 
reduction in the fresh weight of cultures compared to the control (0.1 mg.1 - 5. In 
contrast, low concentrations (0.05 or 0.01 mgI') had no effect on fresh weight. 
Fig. 3.2.19 presents the amount of betacyanin and betaxanthin produced by 13 
d. old cultures grown at different concentrations of kinetin, as expressed per g. fresh 
weight (A) and per culture (B). As the results show 0.01, 0.05, and 0.5 mgI' kinetin 
had no significant effect on betacyanin and betaxanthin production, on per g. fresh 
weight or per culture base, however, at 1 gf  kinetin a remarkable reduction in both 
betalain content, per g. fresh weight and per culture, was observed in comparison to 
the control. 
Overall the results of this experiment show that kinetin at a concentration of 1 
mg.l' inhibited both growth and betalain production. Lower concentrations, within 
the range tested, had no significant effect. 
Results from this subsection (3.2.2) showed that the production of betalain 
could be enhanced by decreasing the concentration of 2,4-D in the medium but it 
could not be increased by altering the concentration of kinetin, within the range of 
concentrations tested. The stimulation in betalain production which occurred at low 
concentration of 2,4-D seems to have resulted from a specific effect of 2,4-D and not 
from a change in the ratio of 2,4-D to kinetin. For example, betalain production was 
significantly enhanced when 2,4-D and kinetin were applied to the medium at 
concentrations of 0.002, and 0.1 mgI' respectively, where the ratio of 2,4-D to 
kinetin was 1150 (see Fig. 3.2.12(C)), whereas betalain accumulation was inhibited by 
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Figure 3.2.19 The content of betacyanin (A 535 nrn) and betaxanthin (A 472 nrn) of 13 d. 
old suspension cultures of Beta vulgaris cell cultures, grown at different 
concentrations of kinetin as expressed per g. f.wt. (A) and per culture (B). Each value 
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the treatment at which the concentrations of 2,4-D and kinetin in the medium were of 
0.02, and 1 mg.1 1 respectively, despite having the same ratio of 2,4-D to kinetin 
(1150) (see Fig. 3.2.19). 
In the following subsection further attempts to increase the yield of betalain in 
cultures were made by the application of betalain precursors to the medium. 
3.2.3 Effect of Precursor Feeding on Growth and Betalain Production 
There are many reports in the literature demonstrating the value of supplying 
plant tissue cultures with specific metabolic precursors as a means to enhance the 
accumulation of certain desired secondary metabolites in vitro (see Yeoman et al., 
1980, Fowler 1983, Mantell and Smith 1983, Sugimoto et al., 1994, Yeoman and 
Yeoman 1996). 
In this subsection supplements of tyrosine or DOPA, compounds implicated in 
betalain biosynthesis (see Piattelli 1976, 1981, Steglich and Strack 1990, and Hirano 
and Komamine 1994) were examined for their ability to increase the production of 
betalains in cultures of Beta vulgaris. 
3.2.3.1 Effect of Supplementation of Tyrosine on Growth and Betalain 
Production 
The aim of this experiment was to investigate whether the application of 
tyrosine could enhance the production of betalain in cell cultures of Beta vulgaris. 
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Cultures were initiated by inoculating 1 g (wet weight)of cells, obtained from 
13d. old well mixed cultures, into 250 ml Erlenmeyer flasks containing 50 ml of the 
standard growth medium (see 2.1.4) supplemented with tyrosine. Prior to the initiation 
of cultures tyrosine was applied to the flasks by the addition of 0.1 ml of a solution of 
tyrosine, sterilised by filtration through a membrane filter with a pore size of 0.2 jim 
held in a filtration unit. Tyrosine was applied at various concentrations to give final 
concentrations in the flasks of 0. 1, 0.2 and 0.5 mM. In the control medium 0.1 ml of 
sterile distilled water was added instead of tyrosine solution. All cultures were then 
placed on an orbital shaker and incubated under the conditions described in 2.1.4. 
Three flasks for each treatment were collected on day 10 and 15 and cells were 
harvested for analysis. The fresh weight of cultures was determined as described in 
2.2.1 and betalain content was extracted and determined according to the methods 
described in 2.3 and 2.4 respectively. 
The effect of tyrosine on the growth of cultures, in terms of fresh weight, is 
presented in Fig 3.1.20 as measured at two stages during the growth cycle (day 10 and 
day 15). As shown by the results supplementation of tyrosine, at a range of 
concentrations, had no significant effect on the growth of cultures, in terms of fresh 
weight. 
Fig. 3.2.21 presents the amounts of betacyanin produced per g. fresh weight 
(A) and per culture (B) in cultures fed with tyrosine as measured on day 10 and 15. As 
can be seen from these results, the production of betacyanin on a per g. fresh weight, 
and per culture basis in cultures supplied with tyrosine, was not significantly different 
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Figure 3.2.20 Effect of tyrosine supplementation on the growth of Beta vulgaris cell 
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Figure 3.2.21 The content of betacyanin (A535 rim) per g. f.wt. (A) and per culture 
(B), as measured on day 10 and 15, in cell cultures of Beta vulgaris supplied with 
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from that of tyrosine free cultures (control) on day 10 or on day 15. Similarly the 
content of betaxanthin as expressed per g. fresh weight or per culture (Fig. 3.2.22 (A) 
and (B)) was also not significantly affected by the treatments at either of the two 
sampling times (day 10 and 15). 
The result of this experiment showed that supplementation with tyrosine did 
not stimulate the accumulation of betalain. Therefore in the following experiment the 
addition of DOPA, another compound implicated in betalain synthesis, was examined 
in an attempt to enhance the production of betalain. 
3.2.3.2 Effect of Supplementation of DOPA on Growth and Betalain Production 
In the previous experiment attempts to enhance the production of betalain by 
feeding cultures with tyrosine were not successful. In this experiment attempts were 
made to increase the yield of betalain by supplying cultures with various 
concentrations of DOPA (3,4 dihydroxyphenylalanine). This putative precursor for 
the pigment, was reported to stimulate the production of betalain in Amaranthus 
tricolor seedlings (Elliot 1983) and Portulaca grandflora flowers (Rink and Böhm 
1985). 
Gamborg's B5 medium was prepared as described in 2.1.4 and then poured 
into 250 ml Erlenmeyer flasks (50 ml per flask). After autoclaving the flasks were 
supplemented with DOPA by injecting 0.1 ml of a filter sterilised solution of DOPA. 
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Figure 3.2.22 The content of betaxanthin (A 472 Mn) per g. f.wt. (A) and per culture 
(B), as measured on day 10 and 15, in cell cultures of Beta vulgaris supplied with 















in the flasks of 0. 1, 0.2 and 0.5 mM. Each flask was then inoculated with 1 g of cells, 
obtained from well mixed 13 d. old cultures. All cultures were then placed on an 
orbital shaker and incubated under the conditions described in 2.1.4. Three flasks for 
each treatment were collected on day 10 and 15 and the content of each flask was 
filtered and cells were used for the analysis. The fresh weight was determined as 
described in 2.2.1 and betalain content was extracted and determined according to the 
methods described in 2.3 and 2.4 respectively. 
Fig. 3.1.23 presents the effect of DOPA supplementation on the fresh weight 
of cultures as measured at two stages of growth (day 10 and 15). As can be seen from 
the results, the fresh weight of cultures supplied with DOPA over a range of 
concentrations, was not significantly different from the control at day 10 or day 15 
The amount of betacyanin produced per g. fresh weight and per culture (Fig. 
3.1.24 (A) and (B)) in the treatments was also closely similar to the control on day 10 
and not significantly lower than the control on day 15. 
Similarly the production of betaxanthin per g. fresh weight and per culture 
(Fig 3.1.25 (A) and (B)) were also non significantly affected by the DOPA. 
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Figure 3.2.23 Effect of DOPA supplementation on the growth of Beta vulgaris cell 
cultures, as measured on day 10 and 15 during subculture. Each value is a mean of 3 
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Figure 3.2.24 The content of betacyanin (A 535 nm) per g. f.wt. (A) and per culture 
(B), as measured on day 10 and 15 during subculture, in cell cultures of Beta vulgaris 
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Figure 3.2.25 The content of betaxanthin (A 472 nrn) per g. f.wt. (A) and per culture 
(B), as measured on day 10 and 15 during subculture, in cell cultures of Beta vulgaris 
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Summary of the results in 3.2 
Altering the concentration of inorganic nitrogen (i-N) in the medium did not 
increase either the growth, in terms of the fresh weight or the content of betalains of 
Beta vulgaris cell cultures, however, the reduction in the fresh weight of cultures 
occurred at i-N 116 mM was not associated with a decrease in pigment production on 
per g. fresh weight basis. 
Increasing the concentration of inorganic phosphorus (i-P) above that present in 
Gamborg's 135 medium did not significantly influence either growth or production of 
betalain, in the cell cultures. In contrast, reducing the concentration of i-P in the 
medium to 0.55 mM caused a reduction in the growth of cultures, in terms of fresh 
weight, while betalain accumulation was not significantly affected. 
Elevating the concentration of sucrose in the medium from 2% to 3% significantly 
increased the production of both betalains, however, the increase in pigment content 
per g. f.wt. appeared after day 10 in the case of betacyanin and after day 15 in case of 
betaxanthin. This treatment, in contrast, did not stimulate the growth of the cultures 
but did extend the duration of growth. On the other hand, at 9% sucrose the 
accumulation of betalains was inhibited, however, the inhibitory effect was overcome 
after 15 days. Meanwhile the growth of culture was not affected by the treatment but 
it was prolonged up to the end of the experiment. 
A low concentration of 2,4-D was shown to stimulate the production of betalains, 
nevertheless, the yield of pigment was not proportional to the auxin concentration. 
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The best yield of betacyanin and betaxanthin per culture was obtained at 0.006 mg.1 1 
2,4-D. At this concentration, growth of the cultures was not significantly affected. 
Altering the concentration of kinetin in the medium did not increase either growth 
or production of betalains. 
Results from experiments at which the concentration of 2,4-D or kinetin was 
manipulated, suggest that the stimulation of betalain production that occurred at low 
concentrations of 2,4-D, resulted from a specific effect of 2,4-D concentration but not 
from a change in the balance between 2,4-D and kinetin. 
Administration of either tyrosine or DOPA at concentrations of 0.1, 0.2, or 0.5 mM 
did not significantly influence either growth or betalain production. 
Overall the results in this section show that the production of betalain in cell 
cultures of Beta vulgaris can be improved by the manipulation of the culture medium. 
The conditions of culture influence both the growth and betalain accumulation, 
however, modification in pigment production was not always correlated with 
paralleled changes in the growth of cultures and the optimum conditions for product 
formation may be different from those which promote optimum growth. In the 
following section the production of betalains was investigated in relation to cellular 
heterogeneity. 
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3.3 INVESTIGATION INTO BETALAIN PRODUCTION IN RELATION TO 
CELLULAR HETEROGENEITY 
It is clear from microscopic observations that the cellular populations of Beta 
vulgaris cultures are highly heterogeneous with regard to pigmentation. Differences 
between cells were observed not only in the intensity of pigmentation, but also in 
colour. Cells could be arranged into four groups, according to colour, violet, orange, 
yellow, and white (non-pigmented). In the following series of experiments the 
production of betalains was investigated in relation to cellular heterogeneity, with 
regard to the colour phenotype of cells, of cultures of Beta vulgaris. The aims of this 
study were: 
To establish lines from single cells of different colours (violet, orange, yellow and 
white), this would presumably result in clones with different productivities of 
betacyanin and/or betaxanthin and might enable characterisation of the pigment 
produced by each type of cells. 
To develop high yielding systems by cloning single deeply pigmented cells with 
high pigment productivity. 
To study the effect of culture manipulation on pigment production in relation to 
cellular heterogeneity. 
This study should give some information about the control of cellular 
heterogeneity in cultures of Beta vulgaris and will enable a better understanding of the 
possible ways in which higher yield of betalains might be attained. 
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3.3.1 Single Cell Cloning and Characterisation of the Derived Cell Lines 
3.3.1.1 Establishment and characterisation of cell lines 
Four different cell lines (violet, orange, yellow and white) were selected, using 
a single cell plating technique (see 2.1.5). The cell lines were characterised, with 
regard to appearance of the cell culture, growth, betalain content, betalain related 
compounds content, appearance of the cellular population and the proportion of 
pigmented cells. The experiment was performed three months after the first 
establishment of single cell clones. 
Cells from 14 day old suspension cultures of each of the selected cell lines and 
the mother culture were inoculated into 250 ml Erlenmeyer flasks (Ca 1 g. f.wt. of 
cells per flask) containing 50 ml of standard growth medium (see 2.1.2.1). Cultures 
were incubated under the conditions described in 2.1.4. The growth of individual cell 
lines was followed by determining the fresh weight of samples taken on days 0, 3, 6, 
9, 12, 15, 18 and 21 and the other parameters were measured on samples taken on day 
14 of the culture cycle. 
The appearance of the selected cell lines and the mother culture is shown in 
Fig. 3.3.1. 
I. Growth of selected cell line cultures and the mother culture 
As shown in Fig. 3.3.2, the patterns of fresh weight increase, of all cell 
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Figure 3.3.1 The appearance of 14 day old suspension cultures of (A) the mother 




Figure 3.3.2 Characterisation of growth, in terms of fresh weight, of the mother 
culture (MC), violet cell line (V), orange cell line (0), yellow cell line (Y), and white 
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lines were similar. However, the growth rate of the yellow and white cell lines was 
less than the other cell lines. All cell lines passed through a lag phase for about 3 days 
after which the fresh weight increased rapidly up to day 15. Overall the increase in 
fresh weight of the yellow and white cell lines was less than that of the violet, orange 
and mother cultures. After day 15 some increase was observed in the fresh weight of 
the violet and yellow cell lines up to day 18 after which it decreased until the end of 
the experiment. Fresh weight, either decreased or remained constant for the other cell 
lines from day 15 until the end of the culture period. 
II. Analysis of betalains produced by selected cell line cultures and the mother 
culture 
Fig. 3.3.3 shows the visible spectrum of 80% methanol extracts, extracted as 
described in 2.6.3, of 14 day old cultures of each of the selected cell lines, as well as 
the mother culture. The visible spectra of the violet and orange cell lines are similar to 
that of the mother culture with two peaks, one at 472 nm and the other at 535 nm, 
showing that the two cell lines produced both betacyanin and betaxanthin. However, 
the proportion of betacyanin to betaxanthin produced by the violet and the orange cell 
lines appears to be different. The visible spectrum of the yellow cell line extract (Fig. 
3.3.3 (D)) shows that betaxanthin but not betacyanin was produced as indicated by the 
peak observed at 472 nm. The visible spectrum of the white cell line extract shows 
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Figure 3.3.3 The visible spectrum of cell extracts in 80% methanol of (A) mother 
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TLC analysis (see 2.5) of the cell extracts shown together with standard 
solutions of betacyanin (betanin/isobetanin) and betaxanthin (miraxanthin V) (Fig. 
3.3.4) confirmed that the mother culture, violet cell line and orange cell line produced 
both betacyanin and betaxanthin, the yellow cell line produced only betaxanthin, and 
the white cell line produced neither of the pigments. 
An accurate qualitative and quantitative analysis of betalains produced by the 
different cell lines was carried out using high performance liquid chromatography 
(HPLC) according to the method described in 2.6. 
Fig. 3.3.5 shows the HPLC chromatograms monitored at 535 nm of the mother 
culture (A), and the selected cell lines [violet (B), orange (C), yellow (D), and white 
(E)]. The peaks a, b, and c were identified as betanin, isobetanin and isobetanidin 
respectively. Other peaks (d, e, f, and g) are unknown compounds. With regard to the 
identified peaks, it can be seen that although the mother culture produces betacyanin 
only as betanin, the violet cell line produced betacyanins as betanin, isobetanin, and 
isobetanidin and, the orange cell line produced betacyanin as betanin and isobetanin. 
However, betanin was the main betacyanin derivative produced by both cell lines, the 
violet and the orange. No betacyanin could be detected in either the yellow or the 
white cell lines. 
Fig. 3.3.6 presents the HPLC chromatograms monitored at 472 nm of the 
mother culture (A) and the selected cell lines [violet (B), orange (C), yellow (D) and 
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Figure 3.3.4 The TLC separation of betalains, in 80% methanol, extracts of selected 
cell lines together with the mother culture. MC = mother culture, V = violet cell line, 
0 = orange cell line, Y = yellow cell line, W = white cell line, CS. = betacyanin 
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Figure 3.3.5 HPLC chromatograms, monitored at 535 nm showing the betacyanins 
produced by (A) mother culture, (B) violet cell line, (C) orange cell line, (D) yellow 
cell line, and (E) white cell line. Pigment was extracted and analysed as described in 
2.6 [a = Betanin, b = Isobetanin, c = Isobetanidin]. 
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Figure 3.3.6 HPLC chromatograms monitored at 472 nm showing betaxanthin 
produced by (A) mother culture, (B) violet cell line, (C) orange cell line, (d) yellow 
cell line, and (E) white cell line. Pigment was extracted and analysed as described in 
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white (E)]. Several peaks appeared at this wave length in each chromatogram. 
However, the major peaks labelled as a, b, and c could be identified. Peaks a and b 
were identified as betanin and isobetanin respectively since they were found to absorb 
light at 472 nm by ca 52% of that absorbed at 535 run. Peak c was identified as 
miraxanthin V. The figure shows that miraxanthin V was produced by all cell lines 
except the white one. However, in the yellow cell line it was produced at very low 
amount. 
The amounts of betacyanins and miraxanthin V produced by each cell line are 
presented in Table 3.3.1 from which it can be seen that the violet cell line was best for 
betacyanin production. The total betacyanin produced by this cell line was ca 30 times 
that produced by the mother culture. 95% of these betacyanins were present as 
betanin, 4.5% as isobetanin, and 0.3% as isobetanidin. In contrast, the orange cell line 
produced a much lower amount of betacyanin, ca 7% of the betacyanin produced by 
the violet cell line. Nevertheless, the orange cell line produced more betacyanin, 
almost twice as much as the mother culture of which 94% was present as betanin and 
6% as isobetanin. There were no significant differences between the amounts of 
miraxanthin V present between the violet cell line, the orange cell line, and the mother 
culture. The yellow cell lines, however, produced a very low amount of miraxanthin 
V. No betacyanin or miraxanthin V was detected in the white cell line. 
III. Analysis of betalain related compounds 
As indicated previously in 3.2.1.2 the selected cell lines varied qualitatively 
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Table 3.3.1 Betalain content, in mM.g', of 14 day old cultures of each of the 
selected cell lines as well as the mother culture. Each value is a mean of 4 replicates ± 
se. 
mother violet 	cell orange 	cell yellow 	cell white 	cell 
culture line line line line 
Betanin 0.14 3.98* 0.27* nd nd 
± 0.02 ± 0.43 ± 0.02 
Isobetanin nd 0.19 0.02 nd nd 
±0.03 ±0.01 
Isobetanidin nd 0.012 nd nd nd 
± 0.004 
Total 0.14 4.18* 0.29* nd nd 
betacyanins ± 0.02 ± 0.46 ± 0.02 
Miraxanthin V 0.66 0.86 1.06 0.02* nd 
±0.17 ±0.20 ±0.18 ±0.01 
* = significant at P< 0.05 
nd = not detected 
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and quantitatively with regard to betalain content. The violet cell line predominantly 
produced a large amount of betacyanin, the orange cell line produced predominantly 
miraxanthin V, the yellow cell line produced a very small amount of miraxanthin V 
and the white cell line did not produce either betacyanin or miraxanthin V. In addition 
to this analysis, it was also decided to measure the amounts of some betalain related 
compounds in the cell extracts of these different cell lines, in an attempt to 
characterise the biochemical status of the different cell lines. The levels of tyrosine, 
DOPA, dopamine, and betalamic acid which are involved in the biosynthesis of the 
betalains were measured using HPLC analysis according to the methods described in 
2.6. The amounts of these compounds are presented in Table 3.3.2 from which it can 
be seen that the tyrosine content in the orange and yellow cell lines was significantly 
higher than that of the mother culture whereas tyrosine content of the violet and white 
cell lines was similar to that of the mother culture. DOPA was not detected in any of 
the culture extracts. However, dopamine was found in appreciable amounts in cell 
extracts of all the cell lines but the differences in amounts between cell lines were not 
significant except for the yellow cell line which was significantly lower than the 
others. Betalamic acid was also present in small amounts in extracts of the violet, 
orange and mother cultures but was not detectable in extracts of the yellow and white 
cell lines. 
IV. Physical appearance of cells and proportions of pigmented cells in the 
different cell lines 
Fig. 3.3.7 shows the appearance of cells from 14 day old cultures of the 
selected cell lines together with the mother culture. As shown by the photographs 
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Table 3.3.2 The content of betalain related compounds, in 	of 14 day old 
cultures of each of the selected cell lines as well as the mother culture. Each value is a 
mean of 4 replicates ± Se. 
mother violet 	cell orange 	cell yellow 	cell white 	cell 
culture line line line line 
Tyrosine 16.40 13.26 32.32* 27.08* 17.23 
± 0.87 ± 1.94 ± 3.16 ± 5.96 ± 3.28 
Dopa nd nd nd nd nd 
Dopamine 104.5 71.92 106.4 49.60* 64.16 
±24.71 ±4.26 ± 12.79 ± 11.15 ± 12.25 
Betalamic acid 0.06 0.06 0.01 nd nd 
± 0.02 ± 0.02 ± 0.02 
* = significant at P< 0.05 
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Figure 3.3.7 The appearance of cell populations from 14 day old cultures of, (A) 
mother culture, (B) violet cell line, (C) orange cell line, (D) yellow cell line, and (E) 
white cell line. 
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there were no major differences between the shapes of cells of the selected cell lines, 
but the pigment colours were different. The white line contained no pigmented cells. 
The data presented in Table 3.3.3a show the proportion of pigmented cells present in 
each population as well as the percentage of coloured cells of each pigment type. 
Table 3.3.3b presents the same data after arcsine transformation to show the standard 
error of the mean. As shown from the data, the proportions of pigmented cells of the 
violet, orange and mother cultures were similar. The yellow cell line contained a 
much lower proportion of pigmented cells and the white cell line as expected 
contained no pigmented cells. However, the composition of the population of 
pigmented cells, by pigment type, was significantly different between the cell lines. In 
the mother culture the pigmented cell population consisted of a mixture of violet, 
orange, and yellow cells in approximately equal proportions. The violet cell line 
consisted mainly of violet cells with a few orange cells (12.5% of the pigmented cell 
population). In the orange cell line, the pigmented cell population consisted mainly of 
orange and yellow cells, in approximately equal proportions, with a few violet cells 
(ca 6% of the pigmented cell population). In the yellow cell line, the pigmented cell 
population consisted only of yellow and orange cells in equal proportions. 
Overall, results from 3.3.1 show that with the use of a single cell cloning 
technique, various cell lines (violet, orange, yellow and white), having the same type 
of colour of the parent cells, could be obtained. These cell lines exhibited remarkable 
differences in their pigment content (betacyanin and/or betaxanthin) which was 
associated with observable differences in the composition of the cellular population 
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Table 3.3.3a The proportion (percentage) of pigmented cells of 14 day old cultures of 
the mother culture and each of the selected cell lines. Each value is a mean of 3 
replicates. 
pigmented cells 
as % of total 
coloured cells as % of total 
violet cells orange cells yellow cells 
mother culture 31.47 12.80 8.37 10.30 
violet cell line 35.00 30.63 4.37 - 
orange cell line 31.00 1.90 14.37 15.07 
yellow cell line 8.88 - 3.93 4.97 
white cell line 
Table 3.3.3b The arcsine values of the data presented in Table 3.2.3a showing the 
standard error of the mean after transformation of the data. 
pigmented cells 
as % of total 
coloured cells as % of total 
Violet cells Orange cells Yellow cells 
mother culture 34.11 ± 0.83 21.08±1.22 16.35 ±2.98 18.68 ±0.50 
violet cell line 36.13 ± 3.87 33.47 ± 3.15 11.66 ± 2.11 - 
orange cell line 33.74 ± 2.69 6.32 ± 3.41 22.22 ± 1.27 22.53 ± 3.04 
yellow cell line 17.28 ± 0.93 - 11.43 ± 0.43 12.79 ± 1.04 
white cell line 
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with regard to pigmentation. However, it is not known whether these cell lines are 
stable or would undergo further changes with sub-culture, with regard to betalain 
production. In the following experiment an attempt was made to discover whether 
these cell lines were stable over a period of non-selective subculturing. 
3.3.1.2 Investigation of the Stability of the Selected Cell Lines 
In the previous experiment four cell lines, with different pigment 
characteristics, were obtained by cloning single cells of different colours. However, as 
variation and instability in culture systems is a very common phenomenon, with 
regard to secondary metabolite production and other aspects (see Meins and Binns 
1977, Skirvin 1978, Zenk et al., 1977, Dougall et al., 1980 and Deus-Neumann and 
Zenk 1984) it was decided to examine the degree of stability in the cell lines 
developed in this study, paying particular attention to betalain production and 
pigmentation characteristics of each cellular population. Measurements were made 
three times over a period of 15 months. The first analysis was performed 3 months 
after establishment of the single cell clones, the second after 9 months, and the third 
after 15 months. Cultures were grown under the conditions described in 2.1.4 and 
samples were collected at day 14 of each culture cycle. 
I. Stability of selected cell lines with regard to betalain content 
Table 3.3.4 presents the betalain content of 14 day old cultures of each of the 
selected cell lines measured at three different times, the first was performed 3 months 
after establishment of single cells, the second after 9 months, and the third at 15 
months. The results show that betacyanin content of the violet cell line decreased 
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Table 3.3.4 Betalain content, in 	of 14 day old cultures of each of the 
selected cell lines as measured at three different times over a period of 15 months. The 
first analysis was performed 3 months after establishment of cell clones, the second 
after 9 months and the third at 15 months. 
Violet cell line Orange cell line Yellow cell line White cell line 
First 
analysis 
Betanin 3.89 ± 0.44 0.27 ± 0.02 nd nd 
Isobetanin 0.19 ± 0.03 0.02 ± 0.01 nd nd 
Isobetanidin 0.01 ± 0.004 nd nd nd 
Total betacyanins 4.10 ± 0.46 0.29 ± 0.02 - - 
MiraxanthinV 0.86 ± 0.20 1.06 ± 0.18 0.02 	± 0.01 nd 
Second 
analysis 
Betanin 0.55 ± 0.06 0.02 ± 0.003 0.002 	± 0.001 nd 
Isobetanin 0.02 ± 0.01 nd nd nd 
Isobetanidin nd nd nd nd 
Total betacyanins 0.57 ± 0.06 0.02 ± 0.003 0.002 	± 0.001 - 
Miraxanthin V nd 0.03 ± 0.006 0.02 	± 0.01 nd 
Third 
analysis 
Betanin 2.23 ± 0.10 nd 0.06 	± 0.01 nd 
Isobetanin 0.06 ± 0.004 nd nd nd 
Isobetanidin nd nd nd nd 
Total betacyanins 2.29 ± 0.10 - 0.06 	± 0.01 nd 
Miraxanthin V 0.12 ± 0.02 0.03 ± 0.01 0.07 	± 0.01 nd 
nd = not detected 
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significantly over the test period. This reduction in the amount of betacyanin at 9 
months was greater than at 15 months and reflected the fluctuation in betacyanin 
content observable from one subculture to another. In addition, at all three sampling 
times betanin was the main betacyanin and represented ca 95% - 97% of the total. The 
miraxanthin V produced by the violet cell line also decreased sharply over the test 
period from a high value at 3 months to a very low amount, at 15 months. Moreover, 
at 9 months it could not be detected. 
In the orange cell line betacyanin (which was present as betanin and 
isobetanin, which formed ca 94% and 6% of the total betacyanin respectively) and 
miraxanthin V, decreased sharply over the experimental period. After 9 months, a 
sudden reduction in pigment production resulted in only 8.3% of betacyanin and 2.7% 
of miraxanthin V compared to the first analysis. At 15 months betacyanins were not 
detectable and miraxanthin V was present at a level similar to that measured at the 
second sampling time. 
In the yellow cell line, although betacyanin was not detectable, after 9 months 
traces of betacyanin as betanin were present. After 15 months a remarkable increase in 
betacyanin content was observed. There was no difference in the amount of 
miraxanthin V measured at the first and second analysis, whereas, by the third 
analysis, it had increased by ca 3.7 fold compared to the amount at the first analysis. 
The fluctuation in betalain production by this cell line was obvious from visual 
observation of the cultures. 
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The white cell line did not produce either betacyanin or miraxanthin V over 
the experimental period. However, after 15 months it was unable to survive in liquid 
culture although it could be maintained as callus. 
II. Stability of selected cell lines with regard to the proportion of pigmented cells 
In the previous analysis, the variability of the selected cell lines with regard to 
betalain production was examined over a period of 15 months. In this analysis the 
proportion (percentage) of pigmented cells in each cell culture line at each sampling 
time was also estimated, in order to find out whether variation in betalain production 
in these cell lines was related to changes in the proportion of pigmented cells. 
The results presented in Table 3.3.5a show the percentage of pigmented cells 
of each cell line at 3, 9, and 15 months as specified previously in 3.3.2. Table 3.3.5b 
presents the same data after arcsine transformation. 
Statistical analysis of the data show that in the violet cell line there was no 
significant difference in the proportion of total pigmented cells and the proportion of 
violet cells at the three sampling times. However, orange cells were not detected at 9 
months but reappeared at 15 months at a proportion that was not significantly 
different from that estimated at 3 months. No yellow cells were observed at any of the 
three sampling times. 
In the orange cell line the percentage of pigmented cells decreased sharply 
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Table 3.3.5a The proportion (percentage) of pigmented cells of 14 day old cultures of 
each of the selected cell lines at three different times over a period of 15 months. The 
first analysis was performed after 3 months, the second after 9 months, and the third at 
15 months. 
pigmented 
cells as % 
of total 
coloured cells as % of total 
Violet cells Orange cells Yellow cells 
First 
analysis 
violet cell line 35.00 30.63 4.37 - 
orange cell line 31.33 1.90 14.37 15.07 
yellow cell line 8.90 - 3.93 4.97 
white cell line 
second 
analysis 
violet cell line 32.93 32.93 - - 
orange cell line 7.30 3.63 3.47 0.20 
yellow cell line 8.76 - 4.53 4.23 
white cell line 
Third 
analysis 
violet cell line 43.9 42.4 1.51 
orange cell line 4.20 1.67 2.53 - 
yellow cell line 9.20 0.30 6.57 2.33 
white cell line 
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Table 3.3.5b The arcsine values of the data presented in Table 3.3.5a showing the 
standard error of the mean for the transformed data. 
pigmented 
cells as % 
of total 
coloured cells as % of total 
Violet cells Orange cells Yellow cells 
First 
analysis 
violet cell line 36.13 ±3.87 33.47 ± 3.15 11.66 ± 2.11 - 
orange cell line 33.74 ± 2.69 6.32 ± 3.41 22.22 ± 1.27 22.53 ± 3.04 
yellow cell line 17.28 ± 0.93 - 11.43 ± 0.43 12.79 ± 1.04 
white cell line 
Second 
analysis 
violet cell line 35.02 ± 0.55 35.02 ± 0.55 - - 
orange cell line 15.63 ± 0.91 10.61 ± 2.07 10.7 	± 0.5 2.06 	±1.08 
yellow cell line 17.20 ± 0.56 - 12.25 ± 0.74 11.87 ± 0.13 
white cell line 
Third 
analysis 
violet cell line 41.49 ± 0.83 40.62 ± 0.79 7.02 ± 0.27 - 
orange cell line 11.75 ± 0.97 7.33 	± 0.83 8.82 ± 1.79 - 
yellow cell line 17.64 ± 0.47 3.10 	± 0.31 15.92 ± 0.89 8.56 ± 1.41 
white cell line 
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after 9 months (see Table 3.3.5a) and at 15 months was only 13.4% of that at 3 
months. In contrast, the proportion of violet cells remained steady throughout the 
experimental period whereas the proportion of orange cells decreased sharply after 9 
months, and then remained stable. The proportion of yellow cells had decreased 
sharply at 9 months and disappeared completely by 15 months. 
In the yellow cell line the proportion of pigmented cells was similar at the 
three sampling times. A few violet cells were observable only at 15 months. The 
proportion of orange and yellow cells was similar at 3 and 9 months. However, at 15 
months there was a slight increase in the proportion of orange cells. The proportion of 
yellow cells was similar at 3 and 9 months and not significantly lower at 15 months. 
In the white cell line no pigmented cells were observed at any of the sampling 
times. 
The results presented in 3.3.12 show that the productivity of the selected cell 
lines, with regard to betalain production, changes over the investigation period of 15 
months. In the violet cell line betacyanin content was reduced by 50%. However, this 
decline did not correlate with a reduction in the proportion of total pigmented cells or 
in the proportion of violet cells. In addition, the miraxanthin V content also reduced 
sharply. Although miraxanthin V was only detectable whenever the orange cells are 
present, the amount was not correlated with the proportion of orange cells. In the 
orange cell line betalain content decreased sharply over the test period and that 
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decrease was associated with a sharp reduction in the proportion of the orange and 
yellow cells. The yellow cell line always produced low amounts of betalain. But there 
was a fluctuation in betalain content which was associated with a change in the 
proportion of orange and violet cells. The white cell line did not produce betalains and 
there were no pigmented cells. 
Overall the results from 3.3.1 show that the cell plating technique can be used 
successfully for the isolation of various cell lines with different productivities, for the 
accumulation of betacyanin and/or betaxanthin. These clones also showed differences 
in the composition of the cellular population with regard to cell pigmentation. 
Although the cell lines underwent some change over the term of non selective 
subculturing, the violet cell line remained more or less stable showing high 
productivity of betacyanin (mainly betanin). This clone also displayed a high 
proportion of violet cells over 15 months, in contrast, the yellow cell line remained 
with low productivity of betalains and low proportion of pigmented cells. These two 
cell lines, therefore, were chosen for further study on the relationship between the 
production of betalain and cellular heterogeneity under modified culture conditions. 
3.3.2 Effect of Culture Conditions on Betalain Production in the Violet Cell Line 
It was shown in 3.3.1.2 that the violet cell line was capable of producing large 
amount of betacyanin with smaller amounts of betaxanthin and the pigmented cell 
population of this cell line contained mainly violet cells, at relatively high proportion 
(35-41%) with few orange cells. The aim of this series of experiments was to 
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investigate the effect of culture conditions on betalain production focusing on the 
relationship between production of pigments and cellular heterogeneity. 
3.3.2.1 Effect of 2,4-D on growth and betalain production in cell cultures of the 
violet cell line 
It was shown previously (see 3.2.2.1.3) that reducing the concentration of 2,4-
D in the medium from 0.02 mg.r' to 0.006 mg.1' enhanced the production of betalain 
in suspension cultures of Beta vulgaris (non selected cultures). The aim of this 
experiment was to study the effect of this low concentration of 2,4-D (0.006 mg.1 -1 ) on 
the growth, betalain production and proportion of pigmented cells, in the selected 
violet cell line. 
Two media were used (Gamborg's 135) which differed only in their 2,4-D 
concentration, one at 0.02 mg.r' (control) (see 2.1.2.1) and the other at 0.006 mg.F'. 
Each of these media was poured into 250 ml Erlenmeyer flasks, 50 ml per flask which 
were autoclaved, cooled and inoculated with cells obtained from well mixed 13 day 
old cultures, ca 1 g. wet weight cells per flask. The flasks were then placed on an 
orbital shaker and incubated under the conditions described in 2.1.4. The cultures 
were maintained under these conditions for 5 passages. At the fifth passage they were 
harvested at 14 days and analysed. Culture fresh and dry weights were determined as 
described in 2.2.1 and 2.2.2. The contents of Betalain and betalain related compounds 
were determined using HPLC (see 2.6), and the proportion of pigmented cells 
measured as indicated in 2.2.6. The results are presented in Tables 3.3.6 and 3.3.7. 
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The results presented in Table 3.3.6 show that reducing the 2,4-D level in the 
medium from 0.02 mgI' to 0.006 mg.r' caused a decrease in the growth of cultures 
as shown by a significant reduction in both fresh and dry weights. The low 2,4-D 
concentration (0.006 mgI'), however, had no effect on the total betacyanin content of 
cultures although isobetacyanin increased slightly but was present in a very low 
amount. On the other hand, miraxanthin V content was higher (3.9 fold) at the lower 
2,4-D concentration. Dopamine content of the cultures grown at 0.006 mg.1' 2,4-D 
was also higher (2 fold). In contrast lowering 2,4-D had no effect on the Tyrosine and 
betalamic acid contents of the cultures. 
The proportions of pigmented cells (Table 3.2.7), total pigmented cells violet 
and orange cells, in the cultures were not affected by the 2,4-D concentration. 
The results show that 2,4-D at 0.006 mg.r' did not affect the production of 
betacyanin in cell cultures of the selected violet cell line whereas it caused a 
significant increase in the production of miraxanthin V. This increase was associated 
with a significant increase in dopamine content. The proportions of pigmented cells, 
however, were not affected by the treatment. In the next experiment the effect of 
sucrose concentration on the production of betalains in the violet cell line was 
examined. 
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Table 3.3.6 The effect of 2,4-D on the growth, betalain content, and betalain related 
compounds content of 14 day old cultures of the violet cell line. Each value is a mean 
of 3 replicates ± Se. 
2,4-D level in mg.1' 
0.02 0.006 
Culture fresh wt. 8.37 5•73* 
(g) ±0.18 ±0.06 
Culture dry wt. 0.48 0.39* 
(g) ±0.01 ±0.01 
Betanin 2.19 2.08 
(mM.g dSl ' ) ± 0.09 ± 0.05 
Isobetanin 0.06 0.10* 
(mM.g d.SSI. ' ) ± 0.004 ± 0.01 
Total betacyanin 2.26 2.18 
(MM-g&) ± 0.10 ± 0.05 
MiraxanthinV 0.12 0.47* 
(MM-g&) ± 0.02 ± 0.01 
Tyrosine 8.66 11.40 
(mM.g d ' ) ± 0.91 ± 0.27 
Dopamine 65.34 114.83* 
(MM. g.1) ± 2.4 ± 4.0 
Betalamic acid 0.05 0.07 
(mM.g') ± 0.01 ± 0.002 
* = Significant at P <0.05 
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Table 3.3.7 Effect of 2,4-D on the proportion of pigmented cells of 14 day old 
cultures of the violet cell line. The data are presented as percentage, arcsine values of 
the percentage, and standard error of the mean after transforming the percentages into 
arcsine values. Each value is a mean of 3 replicates ± Se. 
2,4-D 0.02 mg.r' 2,4-D 0.006 mg.i' 
different coloured different coloured 
total cells total cells 
pigmen-  pigmen- 
violet orange violet orange ted cells ted cells 
cells cells cells cells 
Percentage 43.87 42.37 1.5 42.20 40.81 1.39 
Arcsine value of 41.47 40.62 7.023 40.44 39.73 6.71 
the percentage 
Se. of the transform- ± 0.80 ± 0.79 ± 0.27 ±1.93 ± 2.0 ± 0.78 
ed Dercentae 
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3.3.2.2 Effect of sucrose on growth and betalain production in cell cultures of the 
violet cell line 
It was shown in 3.2.1.3 that increasing sucrose concentration in the medium 
from 2% up to 3%, resulted in an enhanced production of betalains in Beta vulgaris 
cell cultures. In this experiment, a comparison was made between the effects of 2% 
and 3% sucrose on the growth and betalain production in cell cultures of the violet 
cell line. 
Two media were used (Gamborg's 135) which differed only in their sucrose 
concentration. One with a standard amount of sucrose (2%) (see 2.1.2.1) and the other 
with 3% sucrose. Each of these media was poured into 250 ml Erlenmeyer flasks, 50 
ml medium per flask, and then sterilised. After cooling the flasks were inoculated with 
cells obtained from a well mixed 14 day old culture, ca 1 g. wet weight cells per flask. 
Cultures were then incubated on a rotary shaker under conditions described in 2.1.4. 
On day 14, cultures were collected and analysed. Culture fresh and dry weight were 
determined as described in 2.2.1 and 2.2.2, the content of betalain and betalain related 
compounds was analysed by HPLC as described in 2.6, and the proportion of 
pigmented cells was determined as described in 2.2.6. Results are presented in Table 
3.3.8. 
Table 3.3.8 shows that 3% sucrose did not significantly affect the growth of 
cultures as shown by fresh and dry weight. On betacyanin production, sucrose at 3% 
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Table 3.3.8 The effect of sucrose on the growth, betalain content, betalain related 
compound content and the proportion of pigmented cells of 14 day old cultures of the 
violet cell line. Each value is a mean of 3 replicates ± Se. 
2% 	3% 
sucrose sucrose 
Culture fresh wt. 8.77 9.98 
(g) ± 0.45 ± 0.34 
Culture dry wt. 0.65 0.71 
(g) ± 0.01 ± 0.02 
Betanin 0.60 1.24 
(mM.9. 1 ) ± 0.08 ± 0.06 
Isobetanin 0.02 0.02 
(mM.g ' ) ±0.02 ±0.01 
Total betacyanin 0.62 1.27* 
(mM.9 1 ) ± 0.09 ± 0.05 
Miraxanthin V nd nd 
Tyrosine 10.45 12.55 
(mM.g') ± 1.10 ± 0.73 
Dopamine 73.70 52.28* 
(MM- g) ± 0.65 ± 2.20 
Betalamic acid 0.08 0.16 
(mM.gd ' ) ± 0.01 ± 0.03 
% pigmented cells 30.27 31.17 
arcsin value of percentage 
data 	 33.40 	33.92 
	
±0.45 ±1.18 
* = significant at 0.05 
nd = not detected 
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caused a significant increase in betanin content. The cultures grown on 3% sucrose 
produced almost twice the amount of betanin compared to the control with 2% 
sucrose. In contrast, isobetanin production was not affected by increasing the sucrose 
level from 2% to 3%. Miraxanthin V was not detectable in any of the cultures. The 
tyrosine and betalamic acid content of the cultures was also not affected by the 
increase in sucrose concentration. However, dopamine content was significantly lower 
in cultures grown on 3% sucrose (control). The proportion of pigmented cells, which 
were all violet, was similar on both 2 and 3% sucrose. 
The results show that sucrose at 3% enhanced the betanin content and this 
enhancement was not associated with an increase in the proportion of pigmented cells. 
In addition, this treatment caused a reduction in dopamine content of the cultures. In 
the following experiment, the effect of light, a factor known to have a marked 
influence on betalain formation, was studied. 
3.3.2.3 Effect of light on growth and betalain production in cell cultures of the 
selected violet cell line 
It has been reported in the literature that light plays an important role in 
betalain biosynthesis. In some reports it has been shown that light is an essential 
requirement, e.g. in Amaranthus caudatus seedlings (Köhler, 1972), in Portulaca 
grandflora cell cultures (Liebish and Böhm 198 1) and callus (Kishima et al., 1991), 
in suspension cells of Chenopodium rubrum (Berlin et al., 1986), in Beta vulgaris cell 
cultures (Girod and Zryd 1985), and in Amaranthus tricolor suspension cultures 
(Bianco-Colomas and Hugues 1990). Whereas, in other cases reports showed that 
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betalain synthesis can take place in the dark but is increased by light, e.g. in seedlings 
of some species of the Centrospermae (Wohipart and Mabry 1968), in seedlings of 
Amarathus tricolor and Celosiaplumosa (Giudici De Nicola et al., 1972, 1973). It has 
also shown with callus of Portulaca grandflora (Endress et al., 1984) and 
Chenopodium rubrum (Berlin et al., 1986) that betacyanin formation was much higher 
in the dark than in the light. From these conflicting reports it would appear that light 
can affect betalain synthesis differently in a range of species and sometimes 
differently between plant material of the same species. In the following experiments 
the effect of light on the growth and betalain accumulation in the violet cell line was 
investigated. 
3.3.2.3.1 Effect of light and dark treatments on growth and betalain production 
The aim of this experiment was to investigate the effect of light on betalain 
production in cell cultures of the violet cell line. 
250 ml Erlenmeyer flasks each containing 50 ml of standard growth medium 
(see 2.1.2.1) were inoculated with pooled cells obtained from well mixed 13 day old 
cultures, ca 1 g wet wt. cells per flask. The flasks were then divided into two groups 
one group was placed in a black box covered tightly with two layers of aluminium 
foil, to prevent any leakage of light, and the other group was incubated at an 
irradiance of 15 ±1 tmol.m 2.s', supplied by Thorn natural light fluorescent tubes 
(Thom EMI UK.). Both groups were incubated at 25 ±1 °C on an orbital shaker, 
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rotating at 86 rpm. After 14 days, the cultures were harvested and analysed. The 
appearance of cultures grown in the dark and those grown in the light is shown in Fig. 
3.3.8 The fresh and dry weights of cultures were determined as described in 2.2.1 and 
2.2.2, the content of betalain and betalain related compounds was determined using 
HPLC (see 2.6), and the proportion of pigmented cells was estimated as indicated in 
2.2.6. Results are presented in Tables 3.3.9 and 3.3.10. 
As shown from the data presented in Table (3.3.9) the fresh weight of the 
cultures grown in the dark was less than that of cultures grown in the light. However, 
there was no significant difference in the dry weight of the cultures grown in the dark 
or in the light. The betanin and isobetanin content of the cultures grown in the light 
was much higher (Ca 2x) than that of cultures grown in the dark. Miraxanthin V 
content was also higher in the illuminated cultures but was only present in small 
amounts. The tyrosine and dopamine content of cultures grown in the dark and those 
grown in the light were not significantly different. Betalamic acid was not detectable 
in any of the cultures examined, however, it was previously detected in other 
experiments but in very small amounts and may have been lost during sample 
preparation. The proportions of pigmented cells (Table 3.2.10), total pigmented cells 
(violet cells and orange cells) of cultures were not affected by light. 
The results show that although betalain content was higher in light grown 
cultures, there was no significant difference in the proportion of pigmented cells of 
cultures grown in light or dark indicating that the pigmented cells were capable of 
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Figure 3.3.8 The appearance of 14 day old cultures of the selected violet cell line (A) 




A 	 B 
cm 
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Table 3.3.9 Effect of light on growth, betalain content, and content of betalain related 
compounds of 14 day old cultures of the violet cell line. Each value is a mean of 3 
replicates ±se. 
Light Dark 
Culture fresh wt. 9.07 7.69 
(g) ± 0.07 ± 0.21 
Culture dry wt. 0.47 0.43 
(g) ± 0.03 ± 0.01 
Betanin 1.47 0.66* 
(mM.g d ' ) ± 0.07 ± 0.05 
Isobetanin 0.05 0.03 k 
(mM.g d,') ± 0.01 ± 0.002 
Total betacyanin 1.52 0.68* 
(mM.9 d 1 ) ± 0.08 ± 0.06 
MiraxanthinV 0.09 0.01* 
(mM.g d 1 ) ± 0.02 ± 0.01 
Tyrosine 6.77 6.15 
(mm-g1. ' ) ± 0.45 ± 0.69 
Dopamine 139.20 116.50 
(MM. ± 9.20 ± 7.50 
Betalamic acid nd nd 
(mM.g d ' ) 
* = Significance at 0.05 
nd = Not detectable 
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Table 3.3.10 Effect of light on the proportion of pigmented cells of 14 day old 
cultures of the violet cell line. The data are presented as percentage, arcsine values of 
the percentage, and standard error of the mean after transforming the percentages into 
arcsine values. Each value is a mean of 3 replicates ±se. 
light 	dark 
different coloured 	different coloured 




ted cells violet orange violet orange 
cells cells cells cells 
Percentage 43.13 41.83 1.31 41.26 38.88 2.38 
Arcsine value of 41.03 40.30 6.53 39.99 38.67 5.19 
the percentage 
se. of the transform- ± 0.71 ± 0.88 ± 0.74 ±1.40 ± 0.02 ± 5.0 
ed Dercentae 
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accumulating betalain in the dark and that light promoted pigment accumulation in 
these cells. In the following experiment the effect of light intensity on the growth and 
betalain production was examined in an attempt to discover the optimum irradiance 
level for pigment production. 
3.3.2.3.2 Effect of irradiation level on growth and betalain content in cell cultures 
of the violet cell line 
In the previous experiment (3.3.2.3.1) white light at an intensity of 15 ±1 
p.mol.m 2.s') had a promotive effect on betalain content. The aim of this experiment 
was to examine the effect of various intensities of light on the growth and betalain 
content in cell cultures of the violet cell line. 
250 ml Erlenmeyer flasks, each containing 50 ml of standard growth medium 
(see 2.1.2.1) were inoculated with cells obtained from well mixed 13 day old cultures, 
ca 1 g wet weight cells per flask. The cultures were then divided into four groups and 
incubated at four different irradiation levels (7±1, 15±1, 35±1, and 70±1 tmoI.m 2s 1 ) 
These were achieved by placing the cultures at varying distances from the light 
source. The illumination was supplied by Thom natural light fluorescent tubes (Thorn 
EMI UK). The light intensity was measured using a LI-COR steady state photometer 
model LI-1600. The cultures were incubated at 25 ±1 °C on an orbital shaker, rotating 
at 86 rpm. After 14 days the cultures were harvested and analysed. Culture fresh and 
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dry weights were determined as described in 2.2.1 and 2.2.2, and betalain content was 
measured using HPLC (see 2.6). The results are presented in Table 3.3.11. 
The results presented in Table (3.2.11) show that the fresh weights of cultures 
subjected to an irradiance level of 7 ±1 .tmol.m 2.s' were slightly lower than that of 
cultures subjected to higher irradiance levels. However, there was no significant 
difference in dry weight. Betanin and isobetanin content of the cultures grown under 
the examined irradiance levels were also not significantly different. Miraxanthin V 
was not detected in any of the treatments including the control. 
The results show that the levels of irradiance, within the range examined, had 
a similar effect on betalain production. This suggests that the minimum level of 
irradiance needed to stimulate betalain formation in the culture is 7 ±1 tmol.m 2.s' or 
lower. 
Overall the results from this sub-section show that pigment yield in cultures of 
the violet cell line may be increased by modifying the culture conditions. However, 
changes to the amount of betalains accumulated under different culture conditions do 
not correlate with the proportions of pigmented cells. 
It is assumed that the proportion of pigmented cells in cultures of this cell line 
is at its maximum level, which is probably genetically controlled and therefore cannot 
be increased under the conditions employed to enhance pigment production. In the 
following sub-section the production of betalain in the yellow cell line, was 
164 
Table 3.3.11 Effect of irradiance intensity on the growth and betalain production in 
14 day old cultures of the violet cell line. Each value is a mean of 3 replicates ± Se. 
Irradiance intensity in tmol.m 2.s' 
7±1 15±1 35±1 70±1 
Culture fresh wt. 6.09 7.84 7.39 8.00 
(g) ± 0.35 ± 0.56 ± 0.13 ± 0.34 
Culture dry wt. 0.39 0.45 0.44 0.43 
(g) ± 0.03 ± 0.03 ± 0.01 ± 0.003 
Betanin 0.49 0.66 0.81 0.62 
(mM.g d ) ± 0.02 ± 0.12 ± 0.03 ± 0.03 
Isobetanin 0.04 0.04 0.06 0.05 
(mM.g dl ) ± 0.004 	± 0.01 ± 0.004 ± 0.001 
Total betacyanin 0.53 0.70 0.86 0.66 
(mM.g dlj ± 0.03 ±0.13 ± 0.04 ± 0.03 
Miraxanthin V nd nd nd nd 
(mM.g dlj 
nd = Not detectable 
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investigated under manipulated conditions. This cell line was shown to have a low 
proportion of pigmented cells. Assuming that the proportion of the productive cells in 
this cell line is below the maximum, it would be expected that under the conditions 
that promote greater production of pigment, the proportion of pigmented cells may be 
increased. This hypothesis was examined in the following sub-section. 
3.3.3 Effect of Culture Conditions on Betalain Production in the Yellow Cell Line 
It was shown previously in 3.3.1.2 that the yellow cell line produced very 
small amounts of betalain (mainly miraxanthin V and occasionally betanin) and 
contained a low proportion of pigmented cells. In the following experiments, attempts 
were made to increase the production of betalain in this cell line by modifying some 
of the culture conditions and to discover whether changes in betalain content could be 
correlated with the proportion of pigmented cells. 
3.3.3.1 Effect of 2,4-D on growth and betalain production in cultures of the 
yellow cell line 
Previously it had been shown in (3.2.2.1.3) that reducing the 2,4-D 
concentration in the medium from 0.02 mg.F' to 0.006 mg.1' enhanced the production 
of betalains in the original cell culture of Beta vulgaris. Therefore, it might be 
expected that lowering the 2,4-D concentration to 0.006 mg.r' might promote betalain 
content in the yellow cell line. 
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Two media (Gamborg's 135) were used which differed only in 2,4-D 
concentration one at 0.02 mg.r' (control), and the other at 0.006 mg.r'. The media 
were poured into 250 ml Erlenmeyer flasks, 50 ml per flask and then autoclaved. 
After cooling each flask was inoculated with ca 1 g. wet wt. of cells obtained from 
well mixed 13 day old cultures. The cultures were then placed on an orbital shaker 
and incubated under the conditions described in 2.1.4 and maintained for 5 passages. 
At the fifth passage, the cultures were harvested at 14 days and analysed. The growth 
of cultures was determined by measuring the fresh and dry weights (see 2.2.1 and 
2.2.2), the amounts of betalain and betalain related compounds were determined by 
HPLC analysis (see 2.6), and the proportion of pigmented cells was estimated as 
described in 2.2.6. The results are presented in Tables 3.3.12 and 3.3.13 and Fig. 
3.3.9. 
The results in Table (3.3.12) show that reducing the 2,4-D level in the medium 
from 0.02 to 0.006 mg.i' caused a significant reduction in the growth of cultures as 
shown by the fresh and dry weight values. A low concentration of 2,4-D (0.006 mg.l 
'), significantly enhanced the production of betanin (5-fold) but had no effect on the 
miraxanthin V content. However, from the HPLC chromatogram monitored at 472 
nm, (see Fig. 3.3.8) it can be seen that 2,4-D at the lower concentration induced the 
appearance of several peaks of unknown compounds, which might be betaxanthins 
other than miraxanthin V. Tyrosine and dopamine content of the cultures grown at 
0.006 mgI' 2,4-D was lower than that of the control cultures. In contrast, a trace 
amount of betalamic acid was present at the lower 2,4-D concentration but was not 
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Table 3.3.12 Effect of 2,4-D on the growth, betalain content, and betalain related 
compounds content of 14 day old cultures of the yellow cell line. Each value is a 
mean of 3 replicates ±se. 
Level of 2,4-D in mg.l' 
0.02 	0.006 
Culture fresh wt. 8.36 5•73* 
(g) ±0.17 ±0.06 
Culture dry wt. 0.48 039* 
(g) ±0.01 ±0.01 
Betanin 0.02 0.10* 
(mM.g d ') ± 0.01 ± 0.01 
Miraxanthin V 0.04 0.04 
(MM .gd) ± 0.003 ± 0.004 
Tyrosine 29.40 20.47* 
(mM.g 1 ) ± 0.50 ± 0.27 
Dopamine 55.24 14.47* 
(MM. g') ± 1.70 ± 2.20 
Betalamic acid nd 0.02 
(mM.g d ') ± 0.01 
* = Significance at P <0.05 
nd = Not detectable 
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Table 3.3.13 Effect of 2,4-D on the proportion of pigmented cells of 14 day old 
cultures of the yellow cell line. The data are presented as percentages, arcsine values 
of the percentages, and standard errors of the mean after transformation of the 
percentages. Each value is a mean of 3 replicates ±se. 
2,4-D 0.006 mg.r'  2,4-D 0.006 mgT' 
Total Different coloured cells Total Different coloured cells 
pigmen- pigmen- Violet Orange Yellow Violet Orange Yellow 
ted cells cells cells cells ted cells cells cells cells 
Percentage 9.2 0.3 6.57 2.33 25.63 0.8 6.77 18.0 
Arcsine value of 17.64 3.1 14.75 8.56 30.39 5.12 15.06 25.07 
the percentage 
Se. of the transfor- ±0.47 ±0.31 ± 1.3 ± 1.4 ±1.1 ±0.19 ± 0.48 ± 1.2 
med percentage  
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Figure 3.3.9 An HPLC chromatogram monitored at 472 nm obtained of a cell extract 
(see 2.6.3) of 14 d. old cultures of the yellow cell line grown in media with 2,4D at 
either 0.02 mg.1' (cont.) (A) or at 0.006 mg.l'(B). Peaks (a) and (b) = Betanin and 
miraxanthin V, respectively. 
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detectable in the controls. The proportion of pigmented cells (Table 3.3.13) of cultures 
grown in the medium with 2,4-D at 0.006 mg.r' was higher than the controls. This 
increase, however, was accompanied by an increase in the proportion of yellow and 
violet cells but not orange cells. 
Overall, 2,4-D at 0.006 mg.r' stimulated the production of betanin but not 
miraxanthin V. It also induced the production of several unknown compounds that 
have an appreciable absorption at 472 nm. The proportion of total pigmented cells was 
increased at 0.006 mg.r' 2,4-D, however, this increase was due to a rise in the 
proportion of yellow and violet cells but not orange cells. In addition, 2,4-D at the 
lower concentration caused a significant reduction in growth, tyrosine, and dopamine 
content, but enhanced, slightly, the amount of betalamic acid. As the increase in 
betanin at 0.006 mg.r' 2,4-D was coupled with an increase in betalamic acid. It could 
be that betalamic acid is limiting the production of betalain. Therefore, in the next 
experiment the effect of betalamic acid added to the medium on betalain production 
was investigated. 
3.3.3.2 Effect of added betalamic acid on growth and betalain production in 
cultures of the yellow cell line 
In the previous experiment (3.3.3.1) it was shown that the enhancement in 
betanin production, occurred at 0.006 mg.1 1 2,4-D, and was associated with an 
increase in the content of betalamic acid. The aim of this experiment, therefore, was to 
171 
examine the effect of added betalamic acid both on betalain production and the 
proportion of pigmented cells. 
Betalamic acid was prepared according to the method described in 2.6.5.3. The 
final concentration of the preparation was determined as described in 2.6.6. The 
preparation was divided into 3 parts and each was diluted appropriately to produce 
three different concentrations (ca 1, 2, and 4 mlvi). Each fraction was then sterilised 
by filtration through a 0.2 p.m nylon membrane filter (Whatman) held in a Millipore 
filter unit (Millipore, UK Ltd, Watford) attached to a syringe. 
250 ml Erlenmeyer flasks each containing 50 ml of standard growth medium 
(see 2.1.2.1) were divided into four groups. One group used as a control, was left free 
from added betalamic acid, the other three groups were supplemented with the three 
different concentrations of betalamic acid prepared previously. Each flask was 
injected with 100 p.l of the betalamic acid solution, using a sterile syringe. The final 
concentrations in the flasks were ca 2,4, and 8 j.tM. The flasks were shaken and then 
inoculated with cells obtained from 13 day old well mixed cultures, ca 1 g. wet wt. of 
cells per flask. The flasks were incubated on an orbital shaker under the conditions 
described in 2.1.4. After 14 days the cultures were harvested and analysed. Culture 
fresh and dry weights were determined as described in 2.2.1 and 2.2.2. Betalain 
content was determined using HPLC analysis (see 2.6). Results are presented in 
Tables 3.3.14 and 3.3.15. 
The results in Table 3.3.14 shows that betalamic acid, at concentrations of 2, 4, 
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Table 3.3.14 Effect of different concentrations of betalamic acid on growth, betalain 
content, and content of betalain related compounds of 14 day old cultures of the 
yellow cell line. Each value is a mean of 3 replicates ± Se. 
Concentration of added betalamic acid 
Control 2 .LM 4 iM 8 iM 
Culture fresh wt. 6.62 5.76 6.21 6.05 
(g) ± 0.26 ± 0.18 ± 0.41 ± 0.32 
Culture dry wt. 0.51 0.46 0.45 0.40* 
(g) ± 0.01 ± 0.002 ± 0.02 ± 0.04 
Betanin nd nd nd nd 
Miraxanthin V 0.03 
* 
0.01 nd nd 
(MM .g d. ' ) ± 0.001 ± 0.004 
Tyrosine 22.21 18.75 20.21 15.39 
(mM.g dl ') ± 1.52 ± 0.95 ± 1.75 ± 2.09 
Dopamine 80.67 84.30 83.35 71.10 
(mM.g dl ' ) ±3.43 ±10.10 ±3.40 ±10.80 
Betalamic acid nd nd nd nd 
(mM.g dl ') 
* = Significance at P <0.05 
nd = Not detectable 
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3.3.15 Effect of added betalaniic acid on the proportion of pigmented cells of 14 day old cultures of the yellow cell line. The data 
are presented as percentages, arcsine values of the percentages, and standard errors of the mean after transforming the percentages 
into arcsine values. Each value is a mean of 3 replicates ± Se. 
Concentration of added betalamic acid  
Cont. 2tM 4j.tM 8j.tM 
Total 	Different Total Different Total Different Total Different 
pigmen- coloured cells pigmen- coloured cells pigmen- coloured pigmen- coloured cells 
ted cells  ted cells ted cells cells ted cells 
Org. 	Yel.  Org. Yel.  Org. Yel.  Org. Yel. 
Percentage 8.83 4.67 4.17 7.52 3.5 4.07 4.2 - 4.2 4.37 - 4.37 
Arcsine value 16.95 12.44 11.77 15.96 10.76 11.63 11.82 - 11.82 12.04 - 12.04 
of the percen- 
tage 
Se of the ±0.3 ±0.72 ±0.33 ±0.4 ±0.56 ±0.21 ±0.25 - ± ±0.53 - ±0.53 
transformed 
percentage  _ 
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or 8 pM, did not have a significant effect on fresh weight. The dry weight of the 
cultures was also not affected by these treatments apart from 8 jiM which caused a 
small reduction in dry weight. The content of Miraxanthin V was decreased by the 
addition of betalamic acid and at the treatments of 4, and 8 tM became undetectable. 
Betanin was not detected either in the control or the treated cultures, however, as 
previously mentioned the production of betalain in this cell line was shown to 
fluctuate from subculture to another. Tyrosine and dopamine contents were not 
significantly affected by these treatments. The proportion of pigmented cells (Table 
3.3.15) was also not significantly influenced by the addition of betalamic acid under 
the treatments. However, the orange cells have completely disappeared when 
betalamic acid was added at concentrations of 4, and 8 jiM. However, it is possible 
that the added betalamic acid had been decomposed in the medium before it was used 
by cells. And so the apparent reduction in miraxanthin V production was caused by 
the products of betalamic acid breakdown. 
The results show that the addition of betalamic acid to the culture medium 
depressed the production of miraxanthin V. and at high concentrations of betalamic 
acid when miraxanthin V became undetectable, the orange cells could not be 
observed. 
Results from this subsection showed that in the yellow cell line, changes in the 
production of betalain under modified culture conditions may correlate with changes 
in the proportion of pigmented cells. 
/ 
175 
Summary of the results in 3.3 
Using the technique of single cell cloning, four cell lines (violet, orange, yellow and 
white were obtained from the original culture of Beta vulgaris (mother culture). The 
cell lines exhibited qualitative and quantitative differences with regard to betalain 
production. 
Betanin and miraxanthin V were the main betalains produced by the original culture 
and the derived cell lines. 
The composition of the cellular population was different in the different cell lines 
the white cell line contained no pigmented cells while other pigmented lines contained 
limited proportions of pigmented cells, not exceeding that found in the original 
culture. The pigmented cell populations consisted mainly of violet cells, in the violet 
line, and of orange and yellow cells in the orange and yellow lines. 
Changes in the capacity of the cell lines (pigmented cell lines) to produce betalains 
were observed during the period of non-selective subculturing. However, the violet 
cell line retained a high betacyanin content while the yellow cell line showed a 
reduced ability to produce betalains. The orange cell line lost the capacity to produce 
both betalains after 9 months of clone establishment and remained so until the end of 
the period of study. 
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Modification to culture conditions brought about changes in the betalain content of 
the violet and yellow cell lines. However, modification to pigment production was not 
correlated with changes in the proportions of pigmented cells in the violet cell line but 
was correlated in the yellow cell line. 
The production of miraxanthin V in the violet cell line was associated with the 
presence of orange cells and the production of betanin in the yellow cell line was 
correlated with the presence of violet cells. 
Reducing the concentration of 2,4-D in the medium from 0.02 mg.1 - 1 to 0.006 mg.1 1 
stimulated the production of miraxanthin V but not betanin in the violet cell line 
whereas, it enhanced the production of betanin but not miraxanthin V in the yellow 
cell line. However, in the yellow cell line 2,4-D at 0.006 mg.i' induced the production 
of several unknown compounds of appreciable absorption at 472 nm and this was 
associated with a remarkable increase in the proportion of yellow cells. 
Addition of betalamic acid to the medium depressed the production of miraxanthin 
V. At concentrations of 4 and 8 jtM, miraxanthin V accumulation was completely 
suppressed and this was associated with the disappearance of orange cells, while the 
proportion of yellow cells remained unaffected. 
Increasing the sucrose level in the medium from 2% to 3% increased the production 
of betanin in the violet cell line. 
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10. Light is not a compulsory requirement for betalain formation in the violet cell line. 
However, it had a stimulatory effect on pigment production. The level of irradiance 
necessary to express such a promotive effect was 7 ±1 tmol.m 2.s' or lower. 
Overall, results obtained from this section showed that the violet cell line is 
characterised by high betacyanin production (mainly betanin). Changes in betacyanin 
content of this cell line, as a result of culture variability or by modification to culture 
conditions, does not appear to result from changes in the proportion of pigmented 
cells but from a change in the capacity of cells to produce or store the pigment 
possibly as a result from changes within the pigment pathway. 
In the following section, the highly productive violet cell line was chosen to 
investigate the possible role of tyrosine hydroxylase, an enzyme known to be involved 
in betalain biosynthesis, on betalain yield. 
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3.4 INVESTIGATION INTO THE POSSIBLE ROLE OF TYROSINE 
HYDROXYLASE ACTIVITY ON BETALAIN PRODUCTION 
Tyrosine hydroxylase (tyrosinase) is the enzyme which catalyses the 
conversion of tyrosine to L-DOPA (dihyroxyphenylalanine) (Letts and Chase, 1974, 
Wichers et al., 1983, 1984, and Muller et al., 1993, 1994). It has been suggested that 
this hydroxylation is the entry point to the pathway leading to betalain synthesis (see 
Endress, 1977, 1979, Böbm and Rink, 1988, and Muller et al., 1993). Using data 
obtained from feeding experiments with labelled tyrosine and DOPA, Zryd et al. 
(1982) and Hirano and Komamine (1994) concluded that the hydroxylation of 
tyrosine and the formation of DOPA is a regulatory step in betacyanin biosynthesis. 
Accordingly, in this section attempts have been made to relate tyrosine hydroxylase 
activity to the biosynthesis of betalains. 
In 3.3.1 it was shown that the selected white and violet cell lines were two 
distinctive cell lines in which betacyanin biosynthesis was either blocked (in the white 
cell line) or activated to produce abundant amounts of the pigment (in the violet cell 
line). In this section (3.4), the activity of tyrosine hydroxylase in these two cell lines 
was determined in order to determine whether this enzyme plays a key role in betalain 
synthesis. In addition the activity of the enzyme was also determined in cell cultures 
of the violet cell line grown under conditions in which betacyanin production was 
either enhanced (3% sucrose) (3.3.2.2) or reduced (in the dark) (3.3.2.3). 
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3.4.1 The Activity of Tyrosine Hydroxylase in Cell Cultures of the White and 
Violet Cell Lines 
It was shown in 3.3.1 that the violet cell line produced large amounts of 
betacyanin, and the white cell line, in contrast, did not produce any betalain. The aim 
of this experiment was to examine the activity of tyrosine hydroxylase in these two 
cell lines in order to determine whether the activity of this enzyme is related to the 
accumulation of betalains. 
Suspension cultures of the white and violet cell lines were grown in 
Gamborg's B5 medium under the conditions described in 2.1.4. After 14 days the 
cells were harvested and divided into two portions. One was used for the 
determination of betalain content (using HPLC see 2.6) and the other was used for the 
enzyme assay. Tyrosine hydroxylase was extracted and assayed according to the 
methods described in 2.9.1 and 2.9.3 respectively. The protein content of the enzyme 
extract was determined as described in 2.9.3. Table 3.4.1 presents the activity of 
tyrosine hydroxylase and the content of betalain in 14 day old cell cultures of the 
white and the violet cell lines. The results show that the activity of the enzyme in the 
violet cell line, which produced large amount of betacyanin was ca 59% higher than 
that of the white cell line, which produced no betalain. When the activity was 
expressed as units per mg. protein (specific activity); a similar increase (ca 60%) in 
specific activity was observed for the violet cell line. 
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Table 3.4.1 Tyrosine hydroxylase activity and betalain content in 14 day old cell 
cultures of the violet and white cell lines. Each value is a mean of 3 replicates ± se. 
Violet cell line White cell line 
Activity of enzyme (U) 27.21* 17.01 
± 2.0 ± 0.29 
Specific Activity (U.mg' protein) 498.0* 313.08 
± 37.0 ±2.5 
Betacyanin content (mM.g.d.wt.') 2.26 nd 
0.01  
Betaxanthin content 0.12 nd 
(mM.g.d.wt.') ± 0.02  
nd = not detectable 
* = Significant at p < 0.05 
U = Unit of enzyme 
The results suggest that tyrosine hydroxylase plays an important role in 
betacyanin biosynthesis. However, as the white cell line exhibited some activity of the 
enzyme although it produced no pigment, this would suggest that in a non-betacyanin 
producing cell line(white cell line) tyrosine hydroxylase at the site of betacyanin 
synthesis was inactive. Or it had a low activity and so the small amount of DOPA 
formed was preferentially incorporated into other competing pathways. Alternatively, 
it may be that another enzyme participates in regulating the synthesis of betalain in the 
white cell line. 
In the following experiment, the activity of the enzyme in the violet cell line 
was examined under conditions in which betacyanin production was enhanced in 
order to discover whether there was any correlation between the activity of tyrosine 
hydroxylase, and the final yield of pigment. 
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3.4.2 The Activity of Tyrosine Hydroxylase in Cell Cultures of the Violet Cell 
Line Grown at Two Different Concentrations of Sucrose 
It was shown previously in 3.3.2.2 that betacyanin production was stimulated 
in cultures grown in medium with 3% sucrose. The aim of this experiment was to 
compare the activity of tyrosine hydroxylase in cultures grown in a medium with 2% 
sucrose and those grown within 3% sucrose in order to determine whether the 
stimulation in pigment production was accompanied by an increase in the activity of 
tyrosine hydroxylase. 
Suspension cultures of the violet cell line were grown in Gamborg's B5 
medium containing either 2% or 3% sucrose (see 2.1.2.1) under the conditions 
specified in 2.1.4. At day 14 of subculture, the cultures were harvested and cells were 
examined for betalain content, as measured by HPLC (see 2.6) and tyrosine 
hydroxylase activity. The activity of enzyme was assayed according to the methods 
described in 2.9.1 and 2.9.3 respectively. The protein content of the enzyme extract 
was determined as described in 2.9.2. Table 3.4.2 presents the activity of tyrosine 
hydroxylase and betalain content of cell cultures grown in either 2% or 3% sucrose. 
As can be seen from the results from cell cultures grown in 3% sucrose where 
betacyanin content was ca 100% higher than those grown in 2% sucrose, the activity 
of the enzyme was also higher but with only ca 30%. However, when activity of the 
enzyme is expressed as specific activity, the increase is ca 61%. 
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Table 3.4.2 Tyrosine hydroxylase activity and betalain content in 14 day old cell 
cultures of the violet cell line grown in either 2% or 3% sucrose. Each value is a mean 
of 3 replicates ± se. 
2% sucrose 3% sucrose 
Activity of enzyme (U) 13.43 17.44* 
±038 ±0.35 
Specific Activity (U.mg' protein) 161.5 260.3* 
±7.9 ±21.0 
Betacyanin content (mM.g.d.wt.') 0.62 1.27* 
±0.09 ± 0.05 
Betaxanthin content nd nd 
(mM.g.d.wt.') 
nd = not detectable 
* = Significant at p = 0.05 
U = Unit of enzyme 
The results indicate that the increase in amount of pigment was partially 
correlated with an increase in tyrosine hydroxylase activity. However, the increase in 
the enzyme activity was not quantitatively correlated with the increase in amount of 
pigment. 
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In the following experiment, the activity of tyrosine hydroxylase was 
examined under culture conditions where betacyanin production was reduced (in the 
dark). 
3.4.3 The Activity of Tyrosine Hydroxylase in Cell Cultures of the Violet Cell 
Line Grown either in the Light or in the Dark 
It was shown previously in 3.3.2.3 that betacyanin production in the dark was 
markedly inhibited. In this experiment the activity of tyrosine hydroxylase was 
determined and compared in light and dark grown cultures in order to find out 
whether the reduction in the amount of betacyanin produced in the dark could be 
correlated with a reduction in the activity of tyrosine hydroxylase. 
Suspension cultures of the violet cell line were grown in Gamborg's B5 
medium (see 2.1.2.1) and maintained either in the light or in the dark (see 2.1.4), for 
14 days then cells were harvested and examined for betacyanin content, measured by 
I-IPLC (see 2.6) and for tyrosine hyroxylase activity. The enzyme was extracted and 
assayed according to the methods described in 2.9.1 and 2.9.3 respectively. The 
protein content of the enzyme extract was determined as described in 2.9.2. 
Table 3.4.3 presents the activity of tyrosine hydroxylase and betalain content 
of cell cultures grown in the light and in the dark, from which it can be seen that in 
dark grown cultures the betacyanin content was ca 55% lower than in the light grown 
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cultures. The activity of enzyme in the dark grown cultures was also lower ca 29%, 
when the activity was expressed per g. protein (specific activity) it was lower with ca 
35.7% as compared to light grown cultures. 
The results show that a decrease in betalain production in the dark was 
accompanied by a reduction in tyrosine hydroxylase activity. However, the reduction 
in enzyme activity did not parallel the decrease in the amount of pigment. 
Table 3.4.3 Tyrosine hydroxylase activity and betalain content in 14 day old cell 
cultures of the violet cell line grown either in the light or in the dark. Each value is a 
mean of 3 replicates ± Se. 
Light Dark 
Activity of enzyme (U) 24.1 17.1 * 
±1.0 ± 0.34 
Specific Activity (U.mg' protein) 448.1 288* 
±37.0 ±7.3 
Betacyanin content (mM.g.d.wt.') 1.52 0.68* 
± 0.08 ± 0.06 
Betaxanthin content 0.09 0.01 *  
(mM.g.d.wt. 1 ) ± 0.02 ±0.01 
* = Significant atp=O.05 
U = Unit of enzyme 
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Summary of the results in 3.4 
Tyrosine hydroxylase activity was much higher (Ca 59%) in the betalain producing 
cell line (violet cell line) than in the non betalain producing cell line (white cell line). 
The enhancement in betacyanin production in 3% sucrose was correlated with a 
stimulation in tyrosine hydroxylase activity. However, the increase in enzyme activity 
was not quantitatively related to the increase in pigment content. 
The reduction in betacyanin production which occurred in the dark was associated 
with a decrease in the activity of tyrosine hydroxylase. However, again the decline in 
enzyme activity did not parallel the reduction in pigment content. 
Overall the results suggest that tyrosine hydroxylase plays a regulatory role in 






Betalains, the red violet (betacyanin) and orange yellow (betaxanthin) 
pigments are accumulated in most members of the Centrospermae (Piattelli 1981). 
The accumulation of both betacyanin and betaxanthin has also been observed in 
cultured cells of a variety of species from the Centrospermae e.g. Phytolacca 
americana (Sakuta et al., 1986), Chenopodium rubrum (Berlin et al., 1986), 
Portulaca grandflora and Beta vulgaris (Constable 1967, Weller and Lasure 1981). 
However, the production of these pigments occurs at a lower level than in the intact 
plant. In the present investigation, the accumulation of betacyanin and betaxanthin in 
cell cultures of Beta vulgaris was investigated. In this discussion, four aspects of 
betalain production are considered. The first section, (4.1) considers the relationship 
between growth and betalain accumulation. In the second (4.2) the factors 
(environmental factors) affecting growth and betalain production are examined and in 
the third (4.3) the production of betalain is considered in relation to cellular 
heterogeneity. Finally (4.4) the possible role of tyrosine hydroxylase in the regulation 
of betalain synthesis is discussed. 
4.1 GROWTH AND BETALAIN PRODUCTION 
Most secondary metabolites in higher plants accumulate in differentiated and 
non-proliferating tissue and cells at specific stages of growth. In cell and tissue 
cultures the accumulation of secondary products generally takes place at the stationary 
phase of the growth cycle after cell division has ceased. This inverse relationship 
between growth and secondary product formation has been reported by several 
188 
investigators (Kaul and Staba 1969, Davies 1972, Yeoman et al., 1980, Hall and 
Yeoman 1986a, Hirose et al., 1990, Sakuta et al., 1994). In the present study the 
accumulation of betacyanin and betaxanthin was correlated with growth (see Fig. 4.1) 
and maximum production of the pigments was achieved when growth had reached a 
maximum. Moreover, as the increase in cell number slowed down the increase in 
pigment accumulation, per culture, also slowed down. This reinforces the putative 
positive correlation between growth and betalain accumulation and is in agreement 
with those obtained from studies on betacyanin production in other species, for 
example, by Sakuta et al. (1986) (Phytolacca americana) and Hirose et al. (1990) 
(Chenopodium rubrum) where product accumulation was maximal during the active 
phase of the growth cycle. Similar observations have also been reported in culture 
systems producing secondary metabolites other than betalain, such as volatile oils in 
Ruta graveolens (Corduan and Reinhard 1972), podophyllotoxin in Podophyllum 
peltatum (Kadkade 1982), sapogenin in Agave wightii (Sharma and Khanna 1980) and 
berberine in Thalictrum rugosum (Kim et al., 1991). According to Hirano and 
Komamine (1994) and Sakuta et al. (1994) betacyanin synthesis and accumulation in 
Phytolacca americana was correlated not only with DNA synthesis, but also with 
progression through the cell cycle. In the present study there was a slight increase in 
the pigment content, per g. f. wt. on day 2 (see Fig. 3.1.3(A)) end of lag phase. Two 
explanations for this observation can be made. First, the synthesis of betalain occurred 
with the onset of cell division but prior to the full elongation of the cells. Secondly, 
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Figure 4.1 A diagram showing the relationship between growth and betalain 
accumulation in a suspension culture of Beta vulgaris. (a), shows the correlation between 
cell number increase and pigment amount, r = 0.95 for betacyanin and 0.97 for 
betaxanthin. (b), shows the correlation between culture fresh weight and betalain amount, 
r = 0.92 for betacyanin and 0.95 for betaxanthin [betacyanin content was measured at 535 
nm, and betaxanthin at 472 nm]. 
(A) 
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Cell no./m1x10 5 
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In conclusion, the results presented here show that betacyanin and betaxanthin 
accumulation are closely related to growth and that cell division and the onset of 
pigment synthesis are closely linked. It is still uncertain whether the onset of pigment 
synthesis occur prior to or immediately after the start of cell division. 
4.2 FACTORS REGULATING BETALAIN PRODUCTION 
4.2.1 Effect of Sucrose Concentration on Growth and Betalain Accumulation 
Sucrose is the most popular carbon source for the culture of plant cells and 
tissues. The effects of sucrose concentration on cell proliferation and secondary 
metabolite production have been investigated by several workers and a positive 
correlation has been reported between sucrose concentration and the production of 
secondary metabolites in a number of systems. For example, the production of lignin 
in cultured sycamore cells (Carceller et al., 1971), for solasodine production in callus 
cultures of Solanum nigrum (Bhatt et al., 1983), and for anthocyanin production in 
Vitis suspension cells (Yamakawa et al., 1983). The positive effects of sucrose have 
been related to the nutritional role of this compound as a carbon source. However, 
there are also reports of an optimum concentration of sucrose for secondary 
metabolite production e.g. 8% sucrose for the accumulation of alkaloids in dark grown 
suspension cultures of Catharanthus roseus (Knobloch and Berlin 1980), and 5% 
sucrose for shikonin production in Lithospermum erythrorhizon callus cultures 
(Mizukami et al., 1977). The optimum sucrose concentration for metabolite 
production is not always optimum for growth of the culture. In some instances, a 
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higher concentration of sucrose stimulated product formation as well as growth 
(Kitamura et al., 1991, Norton et al., 1991, Wysokinska and Swiatek 1991, and 
Dupraz et al., 1994). Whereas in other cases the enhancement of secondary metabolite 
production caused by a high level of sucrose was associated with a reduction in the 
amount of cell biomass (Nigra et al., 1990, Cormier et al., 1990, Do and Cormier 
1990, 1991b, Rudge and Morris 1986). Zenk et al. (1975) reported that in Morinda 
suspension cultures the optimal concentration of sucrose for anthraquinone production 
was independent of the optimal concentration for growth. 
In the present study (see 3.2.1.3) increasing the sucrose concentration in the 
medium from 2% to 3%, 6% or 9% had no effect on the growth rate of cultures but it 
prolonged the period of growth and postponed the start of the stationary phase 
indicating that the concentration of sucrose (2%) used in the standard growth medium 
was a limiting factor for the duration of growth in these cultures. The delay in 
senescence of cells, with an increased level of sucrose in the medium was also 
observed by McCarthy et al., 1980, Merillon et al., 1984 and Arias-Castro et al., 
1993b. 
On the other hand, the accumulation of betalains per culture was significantly 
affected by 3% and 9% sucrose. The results presented here show that 3% sucrose was 
the optimum concentration for betacyanin and betaxanthin. A similar observation was 
made by Sakuta et al. (1987) for betacyanin production in Phytolacca americana 
which was maximal at 88 mM (ca 3%) on a per cell basis. Wohlport and Black (1973) 
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showed that a certain minimal sucrose level was necessary for betacyanin production 
in leaf disks of Beta vulgaris and that sucrose above this level has relatively little 
effect on betacyanin production. 
However, in the present study, the stimulatory effect of 3% sucrose on betalain 
production did not appear until several days, after 10 days in the case of betacyanin, 
and after 15 days for betaxanthin. Two different explanations can be offered to 
explain this delay in response. First, the effects of sucrose on pigment synthesis might 
be indirect and affect other processes coupled to betalain biosynthesis which are 
related to the stage in the growth cycle. Second, this delay might be related to sucrose 
assimilation (preferential uptake of the products of sucrose hydrolysis, glucose and 
fructose). Here the results of Arias-Castro et al. (1993b) who reported that the 
presence of a high concentration of sucrose (8%) in the culture medium enhanced 
biphasic growth, with two different growth rates, in suspension cultures of 
Glycyrrhiza glabra are relevant. The first growth phase corresponded with the period 
when glucose was taken up into the cells more rapidly than fructose (from 0 to 14 d.) 
and the second, when fructose was the only source of carbon (between day 14 and 21). 
However, Drapeau et al. (1986) reported that if glucose became depleted from the 
medium the switch to the utilisation of fructose occurs smoothly with no apparent 
effect on the growth rate. Therefore, in the present study it is possible that pigment 
production was stimulated when glucose was depleted from the medium and fructose 
was then taken up. In other words, fructose at a higher concentration than the control 
might stimulate the production of the pigment either directly or indirectly. 
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Although the accumulation of betacyanin and betaxanthin in Beta vulgaris cell 
cultures was shown to be closely correlated with growth, the stimulation of betalain 
production which occurred with 3% sucrose was not associated with an increase in 
culture growth although the growth period was prolonged (up to day 20). It is 
noteworthy that even on day 20 cell biomass was not significantly different from the 
maximum attained on day 15 with 2% sucrose. This would suggest that 3% sucrose 
had a specific effect on pigment synthesis that was independent of growth. This 
observation is inconsistent with those of Kitamura et al. (1991), Wysokinska and 
Swiatek (1991), and Norton et al. (1991) who showed that stimulation in product 
formation by high concentrations of sucrose was associated with enhanced growth. 
However, there was an alteration to the relationship between growth and 
formononetin production in cell cultures of Glycyrrhiza glabra associated with a 
modification to the culture conditions (Arias-Castro etal., 1993a). 
In 3.3.2.2 the effect of 3% sucrose on growth and betacyanin production was 
investigated in a selected cell line characterised by high productivity of betacyanin 
(violet cell line). In that cell line, sucrose at 3% stimulated the production of 
betacyanin by 106% but not growth. This increase in the betacyanin content was not 
associated with an increase in the proportion of pigmented cells but from an increase 
in the yield of pigment in the individual pigmented cells (all or some). Results 
obtained from 3.4.2 showed that the activity of tyrosine hydroxylase was higher in 
cultures grown in 3% sucrose than those grown in 2% sucrose (Ca 30% when the 
activity was expressed as U of enzyme, and ca 61% when the activity expressed as 
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U.mg' protein, specific activity). This enzyme catalyses the conversion of tyrosine 
into DOPA (dihydroxyphenylalanine) (Lefts and Chase 1974, Wichers et al., 1983, 
1984 and Muller et al., 1993, 1994), probable entry point to the biosynthetic pathway 
leading to betalain (see Endress, 1977, 1979, and Böhm and Rink 1988 and MUller et 
al., 1993). So it would seem that the increase in activity of this enzyme may be part of 
the mechanism by which sucrose promotes the production of betalain. In addition, the 
content of dopamine (see Table 3.3.8) of cultures grown with 3% sucrose was less 
than that of cultures grown in 2% sucrose. This may suggest that with 3% sucrose 
decarboxylation of DOPA to form dopamine (see Smith 1980, and Nemec 1995) 
might be inhibited and so, increasing the availability of DOPA, for betacyanin 
synthesis (see Endress et al., 1984). 
The inhibition in betalain accumulation with 9% sucrose (see Fig. 3.2.8 and 
Fig. 3.2.9) was relaxed after 15 days in subculture. This probably occurred when the 
level of sucrose in the medium was reduced, as a result of consumption by the 
growing cells, to a level which enabled the cells to produce higher amounts of 
pigments. 
As the inhibition of pigment accumulation by 9% sucrose was not associated 
with a reduction in culture fresh weight, it would appear that the suppression in 
pigment production did not result from the osmotic effect of a high concentration of 
sucrose on growth, but from a specific influence of sucrose. The inhibition of 
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secondary product formation (ubiquinone) by high concentrations of sucrose has also 
been reported by Ikeda et al. (1976) in tobacco cell cultures. 
In conclusion, it seems clear that 3% sucrose is the optimum concentration, 
within the treatments studied, for betacyanin and betaxanthin production, and that 
sucrose influences the production of betalains differently from growth. 
4.2.2 Effect of 2,4-D on Growth and Betalain Production 
In Beta vulgaris cell cultures omitting 2,4-D from the medium or reducing the 
concentration to 0.002 mg.1' or below resulted in a reduction in the growth of cultures 
(see Table 3.2. 1) and enhancement of betalain production (see 3.2.13 (C)). These 
results are in agreement with those previously reported for other species by Zenk et al. 
(1975), Sufford et al. (1985) and Arias-Castro et al. (1993b) who showed that 2,4-D 
supports good growth but inhibits secondary product formation. The inhibitory effect 
of 2,4-D on a wide range of secondary products such as pigments (Tabata et al., 1972 
and 1974), alkaloids (Furuya et al., 1971 and Tabata et al., 1971) and phenolics 
(Sugano et al., 1975, and Sugano and Ogawa 1981) is widely reported. Moreover, in 
some studies the exclusion of 2,4-D from the medium was essential for metabolite 
synthesis e.g. betalain synthesis in beet root callus (Constable and Nasif Makki 1971) 
and anthocyanin synthesis in carrot cell cultures (Ozeki and Komamine 1981). On the 
other hand, high concentrations of 2,4-D were found to promote secondary metabolite 
accumulation in other systems e.g. alkaloid production in Datura stramonium L. 
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where cultures were induced by 1 mg.r' 2,4-D (El-Bahr et al., 1989). An optimum 
concentration of 2,4-D for high production of secondary products has also been 
reported by some workers. For example, Ladd et al. (1992) found that the highest 
accumulation of alkaloid was attained in calli grown on 106  M 2,4-D. Sakuta et al. 
(1991) reported that in Phytolacca americana 5 mM 2,4-D could elevate betacyanin 
content (per cell) up to 252% compared to the control (2,4-D free). These different 
responses to 2,4-D are probably due to the different physiological states of the 
different species or plant tissues. 
In an attempt to search for the optimum concentration of 2,4-D for betalain 
production in the present study, it was shown that 0.006 mg.i' 2,4-D was optimum for 
betacyanin and betaxanthin production in Beta vulgaris culture (see Figs. 3.2.16(B) 
and 3.2.17(B)). However, when 2,4-D at this concentration (0.006 mg.l') was 
supplied to selected cell lines (violet and yellow) which were derived from the 
original culture of Beta vulgaris, different responses were observed. In the violet cell 
line betaxanthin but not betacyanin was enhanced (see Table 3.3.6), whereas in the 
yellow line betacyanin was increased but betaxanthin was not, as compared to the 
control (see Table 3.3.12). These results indicate that the response to 2,4-D, at certain 
concentration, is tissue specific. 
An interesting observation from this study with 2,4-D is that when the auxin 
was excluded from the medium, betalain content per g. fresh weight was increased 
markedly (see Fig. 3.2.13(C)), despite the complete suppression of growth (see Table 
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3.2.1). This contrasts with the finding previously reported which showed a positive 
correlation between betalain accumulation and growth. It suggests that the effect of 
2,4-D on betalain synthesis is independent of growth. A similar result was obtained by 
Fernandes-Ferreira et al. (1992) who suggested that phytohormones may influence 
triterpenol biosynthesis independently of the increase in biomass as the optimal 
concentration of growth regulators to promote metabolite production were different 
from that which produced optimal biomass yield. It is also worthy to note that cultures 
grown with 2,4-D at 0.002 mg.r' or lower (see 3.2.13(C)) accumulated similar 
amounts of betalain (per g. f. wt.) but displayed markedly different rates of growth. 
All of these results reinforce the idea that 2,4-D has a specific effect on betalain 
synthesis, which can be different from its effect on growth. 
The mechanism by which low concentration of 2,4-D stimulate the production 
of betalain is not known. However, Sakuta et al. (1991) showed that at 5 mM 2,4-D 
betacyanin synthesis in Phytolacca americana was stimulated and free tyrosine 
content of cells was also increased. Based on the result obtained from tracer 
experiments using labelled tyrosine they concluded that the increase in betacyanin 
accumulation, caused by 2,4-D resulted from an increase in tyrosine supply and 
activation in the biosynthesis of betacyanin from tyrosine. Obata-Sasamoto and 
Komanine (1983) reported that low concentrations of 2,4-D (0-0.025 mg.l') was 
favoured for the accumulation of DOPA in Stizolobium callus. And at high 
concentrations of 2,4-D the synthesis of DOPA was suppressed and tyrosine was 
directed towards protein synthesis (Obata-Sasamoto et al., 1981). Wichers et al. 1993 
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also reported that in the presence of 10 mg.1' of 2,4-D DOPA accumulation was 
suppressed in Mucuna pruriens. Therefore, it might be suggested here that at low 
concentration of 2,4-D the synthesis of betalain may be stimulated by increasing the 
availability of precursor (e.g. tyrosine and DOPA) or/and by activation of enzymes of 
the pigment pathway. 
4.2.3 Effect of Light on Growth and Betalain Production 
Light has been shown to be an important regulator of betalain formation in cell 
cultures and plants producing these compounds. However, the role of light in betalain 
synthesis is not clear and there are many contrasting observations in the literature. For 
instance, intensively pigmented cell cultures of Beta vulgaris (Girod and Zryd 1987) 
and Portulaca grand/lora (Böbm et al., 1991, Kishima et al., 1991) became 
colourless when maintained in the dark. It has also been shown that light is essential 
requirement for betalain synthesis in Amaranthus caudatus seedlings (Köhler 1972). 
In contrast, callus cultures of Portulaca grandflora accumulated a much higher level 
of betacyanin in the dark than in the light (Endress et al., 1984) and callus cultures of 
Chenopodium rubrum also accumulated higher amounts of betacyanins in the dark 
than in the light. However, when maintained as liquid cultures in the dark betacyanin 
level became markedly reduced as compared with the light grown cultures (Berlin et 
al., 1986). Synthesis of betalains in the dark was also observed in seedlings of 
Amaranthus tricolor and Celosia plumosa, however, in these cases pigment 
production was enhanced by the light. In seedlings of Amaranthus tricolor seedlings 
the stimulating effect of light on betacyanin biosynthesis could be replaced by the 
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application of cytokinins (Colomas 1975, Stobart and Kinsman 1977, Piattelli 1981, 
Bianco-Colomas 1986). A synergistic effect of light and kinetin on betacyanin 
production was also observed in cultured tissue of the same species (Bianco-colomas 
and Hugues 1990). The application of kinetin or exposure of dark grown culture to 
fluorescent light resulted in increased betacyanin production, and when the light and 
kinetin treatments were repeated in the presence of 5,6 dichloro-1--D 
Ribofuranosylbenzimidazol (DRB, a specific inhibitor of the physiological responses 
promoted by cytokinin), a pronounced inhibition of the kinetin-dependent betacyanin 
synthesis was observed. However, the light-induced synthesis remained unaffected by 
the presence of DRB (Bianco-colomas et al., 1988). These results led the author to 
suggest a possible independent action of the two inducing factors on betacyanin 
biosynthesis. Recently, Rudat and Goring (1995) reported that kinetin enhanced the 
betacyanin formation in cell cultures of Chenopodium album grown in white light but 
it could not induce betacyanin in darkness. 
In the present study (see Table 3.3.9), the accumulation of betacyanin (betanin 
and isobetanin) and betaxanthin (miraxanthin V) was much lower in dark grown 
cultures than in illuminated cultures. In contrast, the growth, in terms of dry weight, 
of cultures grown in the dark and those grown in the light was similar. Similar 
observations were made earlier by Berlin et al. (1986) with a Chenopodium rubrum 
cell culture where betacyanin production in the dark was markedly reduced while 
growth remained unaffected, when compared to cultures grown in the light. Data 
presented here (Table 3.3.10) show that the proportions of pigmented cells in cultures 
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grown in the dark and those grown in the light were similar. This would indicate that 
individual, pigmented cells, were capable of accumulating betalains in the dark, 
however, pigment production was stimulated by light, in other words, light was 
beneficial but not an absolute requirement for betalain synthesis. This result contrasts 
with those reported by Leathers et al. (1992) who demonstrated that light was a 
prerequisite for betalain formation in suspension cultures of Beta vulgaris (var. 
Bikores Monogerm). These conflicting findings indicate that the effect of light on 
betalain biosynthesis is not only species dependent but also variety dependent. 
The quality and quantity of light can influence the production of betalain, 
nevertheless, their effects are not fully understood (see for review Piattelli 1981, 
Leathers et al., 1992, and Rudat and Goring 1995). In the present study, it has been 
shown that white light from 7 to 70 ± 1 iMol.m 2 .s' has a similar effect on growth 
and betacyanin production. This would indicate that the minimum light intensity 
needed to stimulate pigment production is 7 ± 1 tMol.m 2.s' or lower. 
The mechanism by which light influences betalain accumulation is not fully 
understood. Based on the findings obtained from radioactive feeding experiments, it 
was suggested that light influences the reactions leading to the formation of the 
dihydropyridin moiety of betalains (French et al., 1973, Giudici de nicola et al., 
1974). French et al. (1973, 1974) further suggested that photo control is exerted on at 
least two parts of the biosynthetic pathway, one between tyrosine and DOPA, and a 
second between DOPA and betacyanin (amaranthin). In fact DOPA production was 
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strongly stimulated by light in Mucuna pruriens cell cultures (Huizing and Wichers 
1985). 
Results obtained in the present study (see Table 3.4.3) are in agreement with 
this postulation as the activity of tyrosine hydroxylase, the enzyme which catalyses 
the conversion of tyrosine into DOPA, was higher in light grown cultures than dark 
grown cultures. However, the increase in enzyme activity which occurred in the light 
was not paralleled with an increase in betalain production. This would suggest that 
light has activated not only the formation of DOPA but may also have influenced 
other reactions involved in pigment biosynthesis. The effect of light on the activity of 
hydroxylation was previously reported by Griffith and Conn (1973). Moreover, the 
production of DOPA was strongly stimulated by light in Mucuna pruriens cell 
cultures (Huizing and Wichers 1985, Chattopadhyay et al., 1994). The fact that the 
enhancement in miraxanthin V production, observed in the present study, occurred in 
the light was greater than the stimulation in betacyanin accumulation (see Table 3.3.9) 
suggests that light may affect not only the reactions leading to the formation of 
betalamie acid (pigment chromophore) but also the reactions involved in the step 
between the pigment moiety and miraxanthin V formation. However, in order to 
obtain a better understanding of the role of light in betalain biosynthesis further 
investigations with radioactive tracers and enzyme studies are required. 
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4.3 CELLULAR HETEROGENEITY AND BETALAIN PRODUCTION 
4.3.1 Betalain Production in Selected Cell Lines Derived from Single Cells of 
Different Colours 
Cell line selection has been used effectively to increase the yield of cultured 
cells and to produce systems with specific desired characteristics (see Zenk 1978, 
Yamamoto and Mizuguchi 1982, Yamada and Fujita 1983, Collin and Dix 1990, 
Kishima et al., 1991, and Sakamoto et al., 1994). In the present study (see 3.3.1) 
various cell lines (violet, orange, yellow and white) were derived from the original 
culture (mother culture) of Beta vulgaris by cloning single cells of different colours. 
The cell lines were characterised by their ability to accumulate betacyanin and/or 
betaxanthin to different extents and the different composition of the cell population, 
with regard to pigmentation. 
Both the violet and orange cell lines (see Table 3.3.1) produced both 
betacyanin and betaxanthin, nevertheless, the ratio of these two pigments was 
different in the two lines (the ratio of betacyanin to betaxanthin was ca 5:1 in the 
violet cell line and ca 1:4 in the orange cell line). Both cell lines produced more 
betacyanin than the mother culture. In addition, betacyanin was presented as betamin 
(95%), isobetanin (4.5%) and isobetanidin (0.3%) in the violet cell line and as betanin 
(94%) and isobetanin (8%) in the orange cell line. While betanin was the only 
betacyanin produced in the mother culture. However, as the production of betanin in 
both cell lines (violet and orange) was superior to the other betacyanins and as 
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isobetanin and isobetanidin represented only at very low proportion of the total 
betacyanin, it is assumed that these two pigments were produced by the mother 
culture but in very small amounts which were not detectable with the methods 
employed. In contrast, betaxanthin content (present as miraxanthin V) in the violet 
and orange cell lines, was similar to that of the mother culture. 
It is interesting that the cloned cell populations consisted of a mixture of cells 
of different colours (see Table 3.3.3a), although these cell lines were cloned from 
single pigmented cells. The violet and orange cell lines consisted of ca one third 
pigmented cells, violet and orange in the violet cell line, and violet, orange, and 
yellow in the orange line and ca two thirds colourless cells. The proportion of 
pigmented cells in these cloned lines (violet and orange lines) was similar to that 
present in the mother culture, although, the cloned lines produced more betacyanin 
than the mother culture. In addition, the increased proportion of violet cells observed 
in the violet cell line was not paralleled with an increased production of betacyanin 
compared to the mother culture (an increase in the proportion of violet cells of 100% 
was accompanied by an increase in betacyanin of 2885%). Moreover, the proportion 
of violet cells in the orange cell line, was much lower than that present in the mother 
culture although the betacyanin content was higher. All of these data indicate that the 
high production of betacyanin observed in these cell lines (violet and orange) resulted 
from an increase in the capacity of the pigmented cells, all or some, to produce 
pigment rather than an increase in the proportion of cells synthesising this metabolite. 
The strict control of the proportion of pigmented cells in a tissue culture of 
Catharanthus roseus has been reported previously by Hall and Yeoman (1986b). A 
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relevant question to be raised at this point is whether the betacyanin was produced by 
the violet cells and the betaxanthin by the orange cells or whether both pigments were 
produced by each cell type (violet and orange). With the data obtained from this study 
it is not possible to give a clear answer as these two cell lines; violet and orange both 
produced both betacyanin and betaxanthin, and both contained violet and orange cells. 
From the ratios of betacyanin to betaxanthin and violet to the orange cells in each cell 
line (violet and orange) (see Table 4.1) it may be concluded that betacyanin was 
produced by the violet cells and betaxanthin by the orange cells in these lines. If this 
were not so each pigment would be produced predominantly by the corresponding 
coloured cells. Clearly, the use of repeated clonal selection, to develop systems which 
produce either the yellow or the violet betalain pigments would be commercially 
useful and save the cost of separation of the two pigments which is necessary when 
the beetroot is used as a source of the pigments. 
Table 4.1 The ratio of betacyanin to betaxanthin and the violet to the orange cells in 
each of cell line (violet and orange). 
Violet cell line 	Orange cell line 
Approx. ratio 
Betacyanin! betaxanthin 	 5:1 	 1:4 
Approx. ratio of 
violet cells / orange cells 	7:1 	 1:8 
In the yellow cell line developed in the present study (see Table 3.3.1) only 
miraxanthin V was detected and the pigmented cell population (see Table 3.3.3) 
included yellow cells as well as orange cells. This would give further confirmation 
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that the orange cells produce betaxarithin but not betacyanin. However, it should be 
noted that this cell line produced very low amounts of pigment and this was 
associated with a low proportion of pigmented cells (9%). 
Another interesting observation made in this study was that the white 
(colourless) cell line, produced neither betacyanin nor betaxanthin. Here, the entire 
cellular population consisted of non pigmented cells. In contrast, other coloured cell 
lines (violet, orange and yellow) contained pigmented cells, although the larger part of 
the population, was non- pigmented. This would suggest that the non-pigmented cells 
might have an important role in supporting the pigmented cells by supplying 
metabolites which are utilised by the coloured cells for pigment synthesis. Indeed, 
Colijn et al. (1981) found that the purple parts of Petunia hybrida callus were unable 
to survive, for more than 2 weeks, when transferred to fresh medium (MS) unless 
about one third of the transferred piece of callus consisted of white cells, and so he 
suggested that the non-pigmented cells were essential for growth of the callus. In 
conclusion, the maximum limit of the proportion of cells producing the metabolite, 
seems to be a property of the tissue and is necessary to retain the balance in 
metabolism between the cells in a given tissue. 
4.3.2 Instability of the Selected Cell Lines with Regard to Betalain Production 
It has long been recognised that plant cell and tissue cultures are not stable. 
Spontaneous changes in the characteristics of cultures are known to occur from time 
to time (see Duncan 1997). A number of morphological and physiological changes 
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have been reported for cultured cells e.g. variability in organogenesis (Skirvin 1978, 
Kochevenko and Ratushnyak 1995, and Barotti et al., 1995), loss in exogenous 
growth factor requirement (Meins and Binns 1977) and variation in secondary 
metabolite production (Zenk et al., 1977, Dougall et al., 1980, and Kunakh 1994). 
In the present study (see 3.3.1.2), instability, with regard to betalain 
production, was observed in the selected cell lines (violet, orange and yellow) over a 
long period of non-selective subculturing (15 months). The violet cell line which 
accumulated both betacyanin and miraxanthin V, 3 months from the first establishing 
of the single cell clones, lost the ability to produce miraxanthin V for some time and 
then regained it. In this cell line, the absence of miraxanthin V was associated with the 
disappearance of the orange cells, and the reappearance of this betaxanthin was 
coupled with the reappearance of the orange cells. This observation reinforces the 
postulation previously made that betaxanthin is produced by the orange cells. In 
addition, the production of betacyanin in the violet cell line was sharply reduced for 
some time but then increased again. However, this variation in the betacyanin 
productivity of the culture did not result from a qualitative and quantitative change in 
the proportion of pigmented cells but from a change in the productivity of the existing 
pigmented cells (some or all). Such spontaneous reversible changes in the ability of 
plant cell cultures to produce secondary metabolites has been reported by Dougall et 
al. (1980) for anthocyanin production in cell cultures of wild carrot. The fact that the 
violet cell line always produced a high amount of betacyanin, despite the changes to 
betacyanin production, suggests that its ability to produce a high yield of betacyanin is 
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an inheritable characteristic and the variation in the yield probably results from 
epigenetic changes that are limited by the genetic potential of the cells. A similar 
observation was made earlier by Dougall et al. (1980) for anthocyanin production in 
wild carrot cultures where they concluded that the changes in the ability of cells to 
accumulate anthocyanin does not involve a qualitative change in the genetic 
information of the cells (a mutation). 
In the orange cell line, a sharp reduction in betacyanin and betaxanthin 
production was observed over the period of study (15 months), and by the end of this 
period no betacyanin was detectable and only very low amounts of miraxanthin V 
were produced. This was associated with a reduction in the proportion of the 
pigmented cells (violet, orange and yellow). This reduction does not seem to be 
associated with a lower rate of division of the pigmented cells, as the change occurred 
suddenly, 8 months after the first establishment of the clone. Two explanations might 
be made to account for this observation, one is that the apparent reduction in the 
proportion of pigmented cells was due to the inability of the observer to count cells 
with a very low level of pigment content. The other is that, the reduced proportion of 
pigmented cells is due to an altered characteristic of the cell line which has probably 
resulted from a mutation. 
In the yellow cell line fluctuations in pigment production were observed 
during long term subculture. This cell line produced only miraxanthin V, 3 months 
after establishment of the clone, eventually produced some betanin. Moreover, the 
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amount of miraxanthin V produced by this cell line had also increased after 15 
months. However, only small amounts of both pigments were produced by this cell 
line. Once again this result suggests that the ability of cells to produce the pigment is 
an heritable characteristic and controlled by the genetics of the cells. As the 
proportion of pigmented cells in this cell line was always very small, the control of 
pigment production in this culture seems to be implemented by a reduction in the 
proportion of pigmented cells which have a low capacity to accumulate the pigment. It 
is worthy to note here that the appearance of betanin in this cell line was associated 
with the appearance of violet cells. This would reinforce the conclusion made 
previously in 4.3.1 that betacyanin is produced by the violet cells. 
The white (colourless) cell line remained non-pigmented during the period of 
study, however, 15 months after first establishment of the clone it lost its ability to 
survive as a liquid culture. This event is further evidence of instability of cultured 
systems. However, instability and variability of cultured cells are very common 
phenomena, but mechanisms by which such changes occur are not yet fully 
understood. It is suggested that these changes are of epigenetically origin; e.g. 
mutable genes or transposable elements, as the gene is not permanently altered, these 
changes which are limited by the genetic potential of the cells, are stable, heritable 
and reversible (Meins 1983 and Borkowaska 1995). However, the association of 
chromosomal variability with the variation in the morphological and physiological 
characteristics of cells in callus and suspension cultures is also well known (Partanen 
1963, Larkin and Scowcroft 1983, Lee and Phillips, 1988 and Handro et al., 1993). 
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According to Zorinyants et al. (1995) long term, in vitro, culturing of plant cells can 
cause variation in the number and structure of chromosomes. Deletion, insertion, 
translocations, telocentric chromosomes isochromosomes and dicentrics and their 
derivatives were all observed in cultured cells, and chromosome modifications in vitro 
do not correspond to in vivo variation, this difference is caused by differences in the 
mechanisms of adaptation to the environment at the level of the cell and the whole 
organism. 
Finally, despite the relative instability of the cell lines developed in this study, 
repeated selection can be used as an effective method to improve and stabilise the 
yield of such systems. Indeed such techniques have been used to establish high 
yielding stable systems e.g. for biotin production in Lavandula vera (Watanabe 1982) 
and for anthocyanin production in Aralia carodata (Sakamoto et al., 1994). Moreover, 
maintenance of the cell line in a proper medium may help to stabilise the productivity 
of the system. Thus Yamamoto et al. (1989) could obtain a stable cell line from 
Euphorbia millii yielding large amount of anthocyanin (32 mg/l/day) by selection and 
maintenance on a modification of Gamborg's B5 medium. 
4.3.3 Betalain Production in the Violet and Yellow Cell Lines under Modified 
Conditions 
The effect of culture conditions on the production of betalain and the 
proportion of pigmented cells was investigated in the violet and the yellow cell lines 
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as two distinct systems, the first was characterised by high productivity of pigment 
and a relatively high proportion of pigmented cells (violet line) and the second was 
characterised with low productivity of betalain and a low proportion of pigmented 
cells. In the violet cell line modification of culture conditions (see 3.3.2) brought 
changes in the production of betalain but did not effect the proportion of pigmented 
cells. This would suggest that the limit to the proportion of pigmented cell is not 
controlled by environmental factors. In contrast, in the yellow cell line, changes in 
betalain accumulation caused by manipulating the culture conditions (see 3.3.3) were 
associated with changes in the proportion of pigmented cells. This indicates that the 
conditions of cultures have influenced the proportion of pigmented cells. However, 
even under conditions which promote the pigment production the yellow cell line only 
produced small amounts of pigment and contained only a low proportion of 
pigmented cells. These results suggest that the proportion of productive cells, with 
regard to metabolite production, is a property of the culture which seems to be 
genetically controlled. Cultures containing productive cells at proportion below the 
maximum limit may undergo some increase in the proportion of such cells but within 
a limited extent. Hall and Yeoman (1986b) have suggested, from their study on 
anthocyanin accumulation in Catharanthus roseus, that the maximum size of the 
productive cell population is fixed and an inherent property of the culture, under a 
given set of conditions. 
Another interesting observation worthy of note is that in the yellow cell line 
grown in the medium with 0.006 mg.r' of 2,4-D, a remarkable increase in the 
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proportion of yellow cells was associated with the appearance and increase in the 
amounts of certain unknown compounds, while miraxanthin V content and the 
proportion of orange cells remained unchanged. This would suggest that miraxanthin 
V was produced by the orange cells but not the yellow cells. 
4.4 Tyrosine Hydroxylase Activity and Betalain Production 
The hydroxylation of tyrosine and the formation of 3,4 
dihydroxyphenylalanine (DOPA) has been suggested to be the entry point to the 
biosynthetic pathway leading to the formation of betalain (see Endress 1977, 1979, 
Böhm and Rink 1988, and Miller et al., 1993). Based on the data obtained from 
radioactive feeding experiments using labelled tyrosine and DOPA, Zryd et al. (1982) 
and Hirano and Komamine (1994) concluded that this step (formation DOPA) is a 
regulatory step in betacyanin biosynthesis. Indeed, stimulation of betalain 
biosynthesis through the administration of DOPA has been reported by French et al. 
(1974) in Amaranthus, Elliott (1983) in Amaranthus tricolor seedlings, and Rink and 
Böhm (1985) in Portulaca grandflora flowers The enzyme responsible for the 
conversion of tyrosine into DOPA, is tyrosine hydroxylase (tyrosinase) (see Lefts and 
Chase 1974, Wichers et al., 1983, 1984, and Muller et al., 1993, 1994). In the present 
study, the relationship between the activity of tyrosine hydroxylase and the final yield 
of betacyanin in cultures was investigated in certain cases 1. In two different cell 
lines one producing no pigment and the other accumulating a substantial amount of 
betacyanin, 2. In cultures grown under conditions that stimulated betacyanin 
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production (3% sucrose), 3. In cultures grown in the dark a condition in which 
betacyanin production was inhibited. 
Results obtained (see 3.4. 1) show that the activity (specific activity) of 
tyrosine hydroxylase was much higher (ca 60%) in the betalain producing cell line 
(violet cell line) than in the non-betalain producing cell line (white cell line), 
suggesting that the absence of pigment in the white cell line could be linked to a 
restriction in the supply of DOPA for pigment synthesis. However, this result is not 
clear cut as the enzyme expressed some activity in the white cell line although it was 
incapable of producing any betalain. This may be because this enzyme at the site of 
betalain biosynthesis is either inactive or have a low activity so that the small amount 
of DOPA formed is preferentially incorporated into other competing pathways. 
Another possibility is that other enzymes participate in regulating the synthesis of 
betalain in this cell line. Zryd et al. (1982) found from their study with two cell lines 
(red and white) of Beta vulgaris that DOPA was largely deficient in the white cell 
line. In addition, based on the data they obtained from feeding experiments with 
labelled tyrosine and DOPA they concluded that the block in betacyanin synthesis in 
the white cell line occurs at the step of DOPA synthesis from tyrosine. They also 
concluded that the metabolism of tyrosine and DOPA is compartmented. Bokern et al. 
(1991) also reported that in cultures of Chenopoduim rubrum, appreciable amount of 
DOPA was accumulated in cell lines producing large amounts of betacyanin, while it 
was undetectable in cell lines producing low amounts of betacyanin. 
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From the data presented here (3.4.2) it was shown that in cultures grown with 
3% sucrose where betacyanin was markedly increased (Ca 100%), the activity of 
tyrosine hydroxylase was also enhanced (Ca 30%) compared to the control cultures. 
This would suggest that this enzyme might play a regulatory role in betacyanin 
synthesis. However, as the stimulation in activity of the enzyme was not parallel to 
the increase in pigment production, it would seem that tyrosinase might not be the 
only enzyme playing a regulatory role in betacyanin production. In addition dark-
grown cultures (3.4.3) in which betalain accumulation was reduced also showed a 
reduction in tyrosine hydroxylase activity compared to the light grown control. 
Nevertheless, the reduction in betalain production was not paralleled to the decrease in 
enzyme activity. Again suggesting that tyrosine hydroxylase may play an important 
role in regulating the biosynthesis of betacyanin in Beta vulgaris cell cultures. 
However, other factors may determine the extent of betalain biosynthesis. 
Conclusions 
The production of betacyanin and betaxanthin in cell cultures of Beta vulgaris is 
closely related to growth. 
Modification of culture conditions may influence the production of betalains 
differently from growth. 
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The production of betalains was stimulated with 3% sucrose, 0.006 mg.F' 2,4-D or 
light. 
Selection techniques can be used as an effective method in developing high 
yielding systems which predominantly produce either the violet or the yellow 
betalains. 
Betanin and miraxanthin V are the main betalains produced by Beta vulgaris cell 
cultures, the original culture and derived cell lines. Betanin is produced by the violet 
cells, and miraxanthin V is produced by the orange cells. The yellow cells may 
contain betaxanthins other than miraxanthin V or other yellow compounds. 
The maximum proportion of pigmented cells is a property of the culture which is 
limited and heritable. 
The proportion of pigmented cells has little effect in determining the yield of 
cultures, while the capacity of these cells to synthesise the pigment may play the most 
important role in governing the culture 'productivity'. 
The ability of cells to produce large or low amount of pigment is an heritable 
characteristic which may be subject to variation but to a limited extent. 
Tyrosine hydroxylase plays a regulatory role in betalain biosynthesis. However, 
other factors may determine the extent of betalain biosynthesis. 
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FUTURE WORK: 
It has been shown that culture conditions influence growth and product 
accumulation. In particular, increase in pigment production could be attained with 3% 
sucrose or 0.006 mg.r' 2,4-D. So, an investigation into the effect of these two 
treatments in combinations is relevant. In general, a more detailed study on the effect 
of cultural factors (quality and quantity) including macro and micro-nutrients, growth 
regulators, and light might optimise the culture yield. 
It is clear that developing cell lines which produce either betacyanin or betaxanthin 
can be established using the selection technique. Stabilisation and improvement to the 
yield of such cell lines needs further investigation particularly the nature of culture 
variability and the relationship between such changes and culture environment. 
It was shown that with 0.006 mg.1 1 2,4-D the proportion of the yellow cells was 
increased and that was coupled with the appearance of several unknown compounds, 
so identification of these compounds whether they are betaxanthin or other 
metabolites is worthy. 
Betalain pigments always accumulate inside the cell vacuole and never leak into the 
medium. Developing methods that induce the leakage of pigments, could lead to an 
enhanced production of the metabolite by preventing possible feed back inhibition 
caused by elevated intracellular concentration of the product. This could be achieved 
by cell permeabilisation, in either a continuous or intermittent process, using methods 
which either increase membrane fluidity or which induce holes to form in cell 
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membranes e.g. anaesthetics detergents, organic solvents (see Brodelius et al., 1979), 
altering the NaIKICa ionic balance, sonication (see Hunter and Kilby 1988, Kilby and 
Hunter 1990). Obviously an essential feature of any such method would be that the 
cell viability and metabolism would have to remain relatively unaffected by the 
treatment applied. 
5. Investigation into the biosynthesis of the betalains and its regulation by studying 
the flux of metabolites down the pathway leading to the formation of the pigment. 
This could be achieved through radioactive feeding of precursors e.g. tyrosine and 
DOPA and studies on the enzyme activities. It was shown in the present study that 
pigment production was stimulated by 3% sucrose, low concentrations of 2,4-D, or 
light. Feeding cultures, grown under these conditions, with label precursors and 
subsequent measurements of the radioactivity in the betalain would show whether the 
pigment synthesis was stimulated and at which step(s) the activation in the pathway 
has occurred. By further study on the enzymes activity it would be possible to 
determine whether the stimulation in pigment production resulted from an increase in 
the activity of enzymes or from increased availability of precursors or both. 
Application of labelled precursors to the white cell line developed in this study, which 
was incapable of producing betalains, and subsequent measurement of labelled 
intermediates of betalain pathway, would show at which point the block in the 
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